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Abstract 
Colloidal crystals have been the focus of intense scientific interest owing to the wide range 
of proposed applications, including photonic crystal devices, sensor arrays and templates 
for three-dimensionally ordered macro-porous materials (3-DOM). The broad spectrum of 
interest stems from the exciting structural properties these materials possess, i.e. porosity, 
interconnectivity and periodicity.  The fabrication of colloidal crystals stripes with features 
at the pitch of 25 - 450 µm is of interest for a number of reasons:  First, to permit the 
integration of colloidal crystal structures into devices; second, to increase understanding of 
the mechanisms governing colloidal self-assembly; and third, to allow the creation of 
arrays of heterostructures combining colloidal crystals of two or more sphere sizes.  
However, it remains a significant challenge to direct the self-assembly of 
three-dimensionally periodic colloidal crystals reproducibly over large areas, as the 
patterning techniques are often time consuming and not suitable to scale-up.   
 
In this thesis the successful formation of highly-ordered colloidal crystal stripes over large 
areas is presented using the combination of two easily integrated techniques, micro-contact 
printing (μ-CP) and evaporative vertical deposition (EVD).  The large area over which 
directed deposition has been achieved and the combination of μ-CP and EVD are novel.   
The technique has also been demonstrated on functional substrates.  This versatility and 
scalability represents a significant step towards the formation of low-cost devices based on 
these materials. Characterisation by reflectance spectroscopy, white light interferometry, 
and optical and scanning electron microscopy establishes the high spatial selectivity of the 
technique and the three-dimensional periodicity of the striped colloidal crystal arrays 
formed. 
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1 Introduction 
1.1 Initial Concept     
Significant advances in technology have often arisen from an improved understanding of 
the properties of materials.  For example, progress in understanding and ultimately 
controlling the electrical properties of materials led to the creation of the semiconductor 
industry and the transistor revolution in electronics 1.  As science continues to push the 
boundaries of understanding the potential benefits to society are vast. 
 
This project is concerned with the fabrication of sub-micron periodic structures formed by 
the self-assembly of monodisperse colloidal particles.  These periodic structures, often 
termed colloidal crystals, have generated a broad spectrum of interest due to their structural 
properties, porosity, interconnectivity and periodicity.  A wide range of applications have 
been proposed to utilise these properties, including; catalysts, chemical sensing, thermal 
insulators, photonic devices, large-area, low-energy reflective displays, low cost 
photovoltaic devices and tuneable decorative colour for consumer applications 2-10.  To 
fulfil the majority of these roles the colloidal crystal structure must be infiltrated with a 
functional material to form a three-dimensionally ordered macro-porous material 
(3-DOM) 10-13.  Extensive research has been carried out into the infiltration of bulk 
colloidal crystal structures with a material chosen for its functionality and suitability for 
application 6,8-13.  However, for these 3-DOM materials to become integrated in devices a 
simple, scalable method for the creation of colloidal crystals of controlled geometry is 
required 4,14.    
 
The directed deposition of colloidal particles has been reported on two distinct length 
scales.  First, when the template or pattern has a spacing of comparable dimensions to 
individual colloidal particles (0.05 - 5µm) 15,16.  This is often referred to as colloidal 
epitaxy and has been employed to control the symmetry or orientation of the colloidal 
crystal. Second, macroscopic patterning, when the spacing in the pattern is significantly 
larger (5 - 450 µm) than the colloidal particles 11,17,18.  The fabrication of colloidal crystals 
of controlled geometry at the larger scale, 5 - 450 µm, is of interest for a number of 
reasons: First, to allow the integration of colloidal crystal structures into devices 4,14; 
second, to increase understanding of the mechanisms governing colloidal self-assembly 17;  
and third, to open up the possibility of the creation of arrays of heterostructures which 
combine colloidal crystals of two or more sphere sizes 4,14. 
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This thesis investigates the area specific deposition of highly-ordered colloidal crystal 
stripes, 25 – 450 μm in width.  A simple, novel and inherently scalable method has been 
developed during this study to fabricate highly-ordered colloidal crystal arrays.  The 
flexibility of the technique has been demonstrated by the successful direction of colloidal 
deposition over large areas (5 × 1 cm) and on a range of functional substrates.  The 
creation of colloidal crystal arrays of controlled geometry by a scalable method is a 
significant step towards their uptake in many of the proposed applications 4,14.  
Mechanisms competing with self-assembly during directed colloidal deposition over large 
areas are also identified and discussed 19.  Detailed results on directed colloidal deposition 
are presented and discussed in Chapters 5 – 7 of this thesis. 
 
1.2 Natural Colloidal Crystals 
The first theories explaining colloidal self-assembly were proposed by Nagayama and 
co-workers 20-22, who used optical microscopy to monitor the two-dimensional 
crystallisation of colloidal particles .  As with many materials nature had led by example, 
and it can be argued that the naturally occurring gemstone opal, composed of a cubic 
close-packed arrangement of sub-micron diameter silica spheres was the first colloidal 
crystal 3,23.  Although gem opal is rare, it is both physically and chemically similar to 
common opal which is found in most parts of the world.  However, common opal does not 
exhibit the striking colours observed in gem opal 24.  Spectroscopy showed there are no 
compositional differences between the two types of opal, and it was not until the invention 
of the electron microscope that the subtle differences between the structures were 
identified 23.  Electron microscopy demonstrated that both opal structures were porous but 
that the pores were arranged differently.  The pores in gem opal were periodic, whereas the 
pores in common opal were randomly orientated 24.  Figure 1-1(a) shows a photograph of 
gem opal demonstrating the beautiful iridescent colours and, Figure 1-1(b), an electron 
micrograph illustrating the periodic arrangement of the silica spheres.  Figure 1-1(c & d) 
show images of common opal for comparison. 
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Figure 1-1 (a) a photograph of a sample of gem opal demonstrating iridescence 25 (b) Scanning electron 
micrograph showing the periodic arrangement of the silica spheres in gem opal 26 (c) photograph of a 
sample of common opal 27, (d) Scanning electron micrograph of common opal 28 
 
The iridescent colours of gem opal arise as the periodic lattice spacings of the silica 
spheres are comparable to the wavelength of visible light and hence the structure acts as an 
optical diffraction grating, Figure 1-1(a).  The vast range of colours observed from the 
gemstone shown are caused by impurities within the structure which alter the refractive 
index contrast 29.  However, the presence of such impurities limits the potential 
applications for opal structures and thus it is desirable to fabricate analogous structures 
under clean, controlled laboratory conditions where the presence of defects and faults can 
be minimised 29.   The fabrication of synthetic opal/colloidal crystal structures is discussed 
in section 1.3.   
 
It is also worth noting that gem opal is not the only natural example of structural colour.  
For example, there are several species of butterfly which exhibit beautiful iridescent 
colours due to the periodic sub-micron structure of the scales on their wings, such as the 
Morpho butterfly 30,31.  
 
 
a b
 2 μm
dc 
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1.3 Synthetic Colloidal Crystals 
Initial attempts to fabricate synthetic opals/colloidal crystals focussed on the natural 
sedimentation of colloidal spheres 32.  However, this approach offers little control over the 
morphology of the top surface of the deposited sample, the number of layers formed and 
takes a prohibitively long period 33.  In addition the samples formed were polycrystalline 
which further decreased their attractiveness both as photonic and template materials 34.  
Many other methods have been investigated for the formation of colloidal crystals, 
including; electrophoretic deposition, spin coating and vertical deposition with each 
method resulting in the formation of a close-packed array 11,13,14,35-37.   
 
This study focuses on the approach of vertical deposition, a self-assembly technique first 
reported by Jiang et al 36.  During vertical deposition synthetic colloidal crystals are 
formed as thin films supported on substrates.  Specifically, a nearly vertical substrate is 
placed in a solution of sub-micron colloidal spheres (typically silica or polystyrene 
spheres) and the progression of the meniscus across the substrate controlled 36-39.   The 
vertical deposition technique and some common alternative fabrication routes for bulk 
colloidal crystal thin films are discussed in more detail in Chapter 4.  
 
 
1.3.1 Colloidal Crystal Structure 
When colloidal crystals are formed by self-assembly they become close-packed to 
minimise surface energy 20.  For hard spheres three different close-packed stacking 
arrangements are close in energy and thus each must be considered during the formation of 
colloidal crystals: (1) face centred cubic (fcc); (2) hexagonal close-packed (hcp); 
(3) random hexagonal close-packed (rhcp).  Once two layers of spheres are stacked upon 
one another (AB), the next layer can be stacked on either an A or C site. If the third layer 
lies in the C site (i.e. ABCABC), an fcc structure is obtained. However, if the third layer 
lies directly above the first layer, i.e. an A site (ABABAB) an hcp structure is obtained. 
The third option is for the layers to be randomly stacked (ABABCABA), a structure which 
known as rhcp 34.  Figure 1-2 schematically shows the formation of hcp and fcc lattices.   
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Figure 1-2  Schematic illustration of (a) hexagonal close-packed and (b) face centre cubic arrangement 
of stacked hard spheres 40 
 
Theoretical calculations by Woodcock 41 showed that for the stacking of hard spheres the 
fcc structure is thermodynamically more stable than the hcp phase 42.  The first 
experimental evidence of the fcc phase in a colloidal crystal was reported by Miguez et 
al 43 for a sample formed by the sedimentation of silica spheres.  In order to discriminate 
between the fcc and hcp phase, the lateral facets of the colloidal crystal (obtained by 
cleavage) were characterised using scanning electron microscopy (SEM). During SEM 
analyses several arrangements of spheres only compatible with the fcc phase were 
identified 43.   
 
Further work, by Cheng et al 44, supported the observation of an fcc arrangement in the 
colloidal crystal, again using SEM to probe the packing in sedimented silica spheres. Due 
to difficulties in defining the axis of orientation, SEM images alone cannot conclusively 
prove the symmetry within the colloidal crystal and therefore, Cheng et al supported their 
observations using optical spectroscopy.  This utilises the relationship between the 
reflectance peak position and crystal structure to demonstrate the presence of fcc packing 
(this technique is discussed in more detail in section 1.5.2).  Gu et al 33 also reported the 
observation of the fcc structure in colloidal crystals using fluorescence microscopy.    
 
In an fcc structure each sphere touches its twelve nearest neighbours: the six closest 
neighbours in the same layer; the three in the layer above; and three in the layer below. A 
schematic representation of the fcc unit cell is shown in Figure 1-3.  
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Figure 1-3  Illustration of the fcc unit cell composed of a close packed arrangement of spheres 45 
 
The presence of interconnected voids in the colloidal crystals is an important property 
allowing them to be used as templates for 3-DOM materials.  Two types of voids occur in 
an fcc structure, tetrahedral and octahedral. For tetrahedral voids the three spheres that 
form the base of the tetrahedron belong to one close packed layer with the apex of the 
tetrahedron either in the layer above or below. Octahedral voids are found between four 
coplanar spheres with one sphere at each apex in the layer above and below. The 
octahedral and tetrahedral voids are not spherical in shape but can be occupied by spheres 
of radii 0.414r and 0.225r respectively, where r is the radius of the close packed spheres 46. 
In an fcc unit cell there are four spheres and three voids (one octahedral and two 
tetrahedral) 47.   
 
 
1.3.2 Colloidal Crystals as Templates 
The highly-ordered, sub-micron periodic, interconnected porous structures make colloidal 
crystals attractive for use as templates and thus they have been used in the preparation of 
numerous technologically relevant 3-DOM materials.  To fabricate the functional 3-DOM 
materials the colloidal crystal structure must be infiltrated with a functional material, the 
chosen material depending on the application, and its nature is almost unlimited.  Current 
examples include: Infiltration of electro-active polymer to form low-energy displays 8,9; 
infiltration of noble metals to form substrates for surface enhanced Raman spectroscopy 7; 
infiltration with hydrogels for chemical sensing 10; and infiltration with organic 
semiconductors which have potential application in low cost photovoltaic devices 6.  
Infiltration with high refractive index materials has also been carried out as a low-cost 
material with photonic properties would have numerous potential applications, e.g. in the 
telecommunication industry 2-5.  As the defect tolerance of such a material is low, 
achieving it using colloidal crystal templating still appears a distant goal. 
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Extensive research has been carried out into the infiltration of colloidal crystal structures 
with functional materials 6,8,9.  However, for colloidal crystals to become industrially 
relevant, it is crucial to achieve not only the required functionality but also the required 
geometries to allow the structures to be integrated into devices.  Furthermore colloidal 
crystals of these geometries must be fabricated on functional substrates using a simple, 
reproducible and scalable method 14. 
 
 
1.4 Colloidal Crystals of Controlled Geometry 
Controlling the geometry of colloidal crystals at a pitch of 25 - 450 µm is of interest for a 
number of reasons. First, to increase understanding of the mechanisms governing colloidal 
self-assembly 17, second, to allow the integration of colloidal crystal structures into 
devices 4,14, and third, to allow the investigation of arrays of colloidal crystal 
heterostructures 4,14. 
 
Patterning colloidal crystals on the micro-scale may allow greater understanding of the 
mechanisms surrounding colloidal self-assembly. Currently the maximum uninterrupted 
area (domain) of colloidal crystal formed by vertical deposition is of the order of 
100 × 300 µm 37.  These dimensions are restricted by the formation of drying cracks along 
the close-packed <110> directions 37.  A number of theories have been proposed to explain 
the formation of these cracks the most probable being drying-induced tension 37,48 or the 
shrinkage of the polystyrene spheres 33,37.  By forming structures of confined dimensions 
this tension would be reduced and the effect of drying cracks may be minimised or 
eliminated 17.  It is therefore of interest to examine the area specific deposition of colloidal 
stripes of 25 – 450 μm in width. 
 
Colloidal crystal arrays with features 25 - 450 µm are also of interest for use in a range of 
commercial applications, including; sensor, photonic and photovoltaic devices 10,12,13,49,50.  
To integrate colloidal crystals, or 3-DOM materials based on them, into devices it is crucial 
that a simple, scalable method is developed to direct the colloidal crystal into the required 
geometry while maintaining its structural properties 4,14.   
 
The creation of colloidal crystal arrays is a step towards the formation of heterostructures 
combining colloidal crystals of two or more sphere sizes.  In many proposed applications 
of colloidal crystals the fabrication of heterostructures may be beneficial.  For example, the 
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formation of heterostructures could allow the incorporation of dual functionality into 
sensor arrays, and in the case of photovoltaics, heterostructures could be utilised to 
improve light harvesting.   
 
As conventional patterning techniques, such as electron beam lithography or etching of the 
substrate are often time consuming or unsuitable to scale-up it remains a significant 
challenge to direct the self-assembly of three-dimensionally periodic colloidal crystals 
reproducibly over large areas 16,17,51.  Few techniques have demonstrated the formation of 
three-dimensionally ordered colloidal crystals using quick, simple, and reproducible 
methods 11,18, and very few have demonstrated the fabrication of highly-ordered colloidal 
crystal arrays by scalable methods 4,14.  This project addresses the area specific deposition 
of highly-ordered colloidal crystal stripes over large (5 × 1 cm) areas using a novel, 
scalable method.  Furthermore, the flexibility of the method is demonstrated by carrying 
out directed colloidal deposition on a range of functional substrates.  Detailed results 
demonstrating directed colloidal deposition are presented in Chapters 5 – 7 of this thesis.  
 
 
1.5   Characterisation by Optical Spectroscopy 
The internal structure of colloidal crystals can be probed in two ways, first, by direct 
observation by using electron microscopy, and second, by optical spectroscopy 52.  The 
following sections (1.5.1- 1.5.3) will outline the theory behind the characterisation of the 
internal colloidal crystal structure using optical spectroscopy. 
 
The interesting optical properties of colloidal crystals are due to their periodic structure.  
Electromagnetic radiation (EM) with a wavelength close to that of the period of the crystal 
is reflected back by Bragg diffraction, whereas EM of other wavelengths can pass through 
the crystal.  The range of wavelengths, which cannot propagate through the material, is 
known as the photonic band gap (PBG).  Theory predicts that for a material to possess a 
complete PBG certain criteria regarding the symmetry of the crystal and its dielectric 
properties must be fulfilled 1.  A complete PBG exists when the propagation of EM of a 
given frequency is forbidden for every direction of propagation within the crystal. When 
the symmetry or dielectric properties required for a complete PBG are not fulfilled a 
photonic stop-band may be created; this is a range of frequencies of EM that are forbidden 
from propagating in certain directions within the crystal.  Colloidal crystals fabricated from 
polystyrene exhibit a photonic stop-band as the refractive index contrast between 
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polystyrene and air is not enough to induce a full PBG.  The striking iridescent colours of 
colloidal crystals are due to the presence of a photonic stop-band in the visible region.     
 
1.5.1 Theory of the Diffraction of Light 
William and Lawrence Bragg gave an explanation of the interaction of EM with matter, 
considering crystals as regular planes of atoms each of which can act as a mirror to X-rays 
when the Bragg condition,  Equation 1.1, is fulfilled 53.  
                                                                   ( )δθλ ±= sin2d                                       Equation 1.1 
where λ is the wavelength of the radiation, d the interplanar spacing of the crystal, θ the 
angle between the incident ray and the scattering plane, or Bragg angle and δ is a range of 
angles 23.  When λ, d and θ combine to satisfy the Bragg condition the incident radiation is 
reflected and cannot propagate through the crystal. In addition the incident and diffracted 
beams form equal but opposite angles with the normal to the plane, even though the lattice 
plane is not necessarily parallel to the sample surface 52. 
 
Due to their inherent periodic nature all crystals should be capable of diffracting radiation 
that has a wavelength similar to the inter-atomic separations within them 47.  The periodic 
structure of colloidal crystals can diffract EM radiation and hence Braggs’ law applies.  
However, when considering Bragg diffraction from the surface of a colloidal crystal the 
refraction of the beam at the sample surface must also be considered, this is determined by 
Snell’s law.  Although Braggs’ law (Equation 1.2) applies to light in periodic structures 
and Snell’s law (Equation 1.3) to light in a homogeneous medium, the two laws can be 
successfully combined to give the combined Bragg/Snell law (Equation 1.4) which 
describes the position of angle resolved reflection peaks 54 (the derivation of the 
Bragg/Snell law is given in Appendix A). 
 
                                                                        θλ sin2d=                                              Equation 1.2 
                                                                  2211 sinsin θθ nn =                                       Equation 1.3 
                                                                θλ 222 sin2 −= nd                                       Equation 1.4 
 
In conventional X-ray diffraction Bragg reflection holds for a range of angles, shown as 
± δ in Equation 1.1, which is determined by how strongly the atoms scatter the X-rays 23. 
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When considering the interaction of light with a photonic crystal, the ± δ term in Equation 
1.1 can be related to the magnitude of the refractive index contrast. 
 
In Equation 1.4 the refractive index of the photonic crystal material, n2, is a combination of 
the two components of the fcc lattice and is commonly called the effective refractive index, 
neff 55,56.  For the colloidal crystal fabricated during this project this is the combination of 
air and polystyrene.  Thus, Equation 1.4 can be re-written as 
                                                               θλ 22 sin2 −= effnd                                           Equation 1.5 
The effective refractive index can be calculated by the effective medium approximation, 
shown in Equation 1.6,  
                                                                       ∑= iieff fnn                                                 Equation 1.6 
where ni and fi are the refractive index and volume fraction of the ith component 
respectively 57.  
 
The volume occupied by the dielectric spheres in an fcc unit cell can be calculated using 
geometry as shown in Appendix B.  Geometry shows that the fcc unit cell is 74 % filled 
with dielectic spheres, with the other 26 % remaining unfilled.  Therefore, the effective 
refractive medium approximation, Equation 1.6, becomes 
                                                    )x26.0()x74.0( airsphereeff nnn +=                                 Equation 1.7 
For a colloidal crystal composed of polystyrene spheres (npolystyrene=1.59 49) the effective 
refractive index is thus calculated to be 1.44. 
 
 
1.5.2 Reflectance Spectroscopy 
Bragg-type reflections can arise from the three-dimensional structure of colloidal crystals.  
Optical spectroscopy techniques exploit the interaction of EM with the colloidal crystal to 
reveal the location of photonic stop-bands.  There are two modes of optical spectroscopy, 
reflectance and transmission, which can be considered equivalent techniques for colloidal 
crystals fabricated during this study as there is no appreciable absorption from polystyrene 
in the wavelength range 370 - 1400 nm 94.  The stop-bands are observed during 
illumination as increased reflection or decreased transmission over the range of 
wavelengths which cannot propagate through the crystal 58.  Such stop-bands only occur 
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when the structure is highly periodic and hence they can be used to assess the 
three-dimensional order within the structure 38,44. 
 
The apparatus used to obtain angle-resolved optical spectroscopy measurements is 
described in Chapter 2.  As the angle of incidence increases away from the normal the 
Bragg dip in transmission spectra rapidly diminishes, whereas reflection peaks can still be 
resolved 59. Consequently reflection spectroscopy has been more commonly used when 
collecting angle-resolved measurements during this project. An example of typical 
angle-resolved reflectance spectra for a colloidal crystal composed of 340 nm polystyrene 
spheres is shown in Figure 1-4. 
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Figure 1-4 Angle resolved reflectance measurements for 340 nm polystyrene spheres. The angles 
quoted are with reference to the sample normal. 
 
As the angle of incidence increases, the position of the reflectance peak shifts to shorter 
wavelength, higher energy, confirming that the reflection peaks result from Bragg 
diffraction 60.  The angular dependence of the peak positions demonstrate the lack of a 
complete photonic band gap in the sample but there is overlap of the reflection peaks as the 
angle of incidence increases indicating a strong interaction between the incident radiation 
and the sample 60. 
 
The intense reflection peaks are a result of constructive interference of the reflected waves 
of consecutive (111) planes.  An increase in incidence angle corresponds to moving away 
10º 
20º 
30º 40º 
50º 
60º 
70º 
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from the <111> direction and, as shown in Figure 1-4, the reflection peaks shift in position 
and become less intense from 10˚ - 50˚ 61. The increased intensity of the spectrum obtained 
at 60˚ and 70˚ could be caused by additional reflection from another set of (111) planes, as 
for example the angle between (111) and (-111) is 70.5˚ 43.  
 
Complete reflectance (100%) is not observed for a number of reasons.  Firstly the incident 
beam, when compared to the dimensions of a domain, is large and will therefore illuminate 
many domains. These domains may be misaligned and will reflect non-specularly 62.  
Secondly, grain boundaries, point defects and unstructured material will also lead to a 
decrease in the reflected signal 58,63.  The width of the reflectance peak depends on the 
quality and periodicity of the crystal.  Increases in sample thickness, and thus increasing 
the number of interacting layers has also been observed to decrease the full-width 
half-maximum of the reflectance peaks 36.  The observed narrowing of the reflectance peak 
is similar to the Debye-Scherrer effect in small crystallites 56. 
 
1.5.3  Information Gained From Spectra 
In addition to revealing the wavelength of the colloidal crystal stop-band, data from the 
reflectance spectra can be manipulated to yield further information on the structure, such as 
the interplanar spacing, effective sphere size and refractive index 36,37.  In order to calculate 
this information the wavelength of the reflection maximum, λ, is required at each angle of 
incidence.  Table 1-1 summarises the peak positions for the spectra shown in Figure 1-4.  
 
Angle of incidence (˚) Wavelength of peak, λ (nm) 
10 791 
20 776 
30 748 
40 713 
50 678 
60 632 
70 608 
Table 1-1  Position of reflection peaks for the spectra shown in Figure 1-4 
 
The main reflection peaks are attributed to reflection from consecutive (111) planes and 
thus Equation 1.5 becomes 
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                                                           ( ) θλ 22111 sin2 −= effnd                                         Equation 1.8 
Therefore, plotting of λ2 against sin2θ yields a straight line, as shown in Figure 1-5 for the 
data in table 1.1. 
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Figure 1-5  Determination of the interplanar spacing and effective refractive index through a plot of 
the square of the wavelength of the reflectance maximum, λ2, against against the square of the sine of 
the angle of incidence, sin2θ. 
 
By manipulation of Equation 1.8 the gradient of the line, m, is related to the interplanar 
spacing by Equation 1.9 and the y-intercept, c, related to neff by Equation 1.10. 
                                                                           
( )21114
1
d
m −=                                                   Equation 1.9 
                                                                            2effnc =                                                   Equation 1.10 
By applying Equation 1.9 and Equation 1.10 to the data extracted from Figure 1-5, the 
d(111) spacing is calculated to be 277 nm and neff to be 1.440. The calculated interplanar 
spacing can be related to the effective sphere size of the particles forming the colloidal 
crystal.  The interplanar spacing of a cubic unit cell can be expressed in terms of the unit 
cell parameter, a, and the Miller indices (hkl) by Equation 1.11. 
                                                             ( ) ( ))222 lkh
ad hkl ++=                                        Equation 1.11 
As shown using geometry in Appendix B the lattice parameter a is equal to 2 multiplied 
by the diameter of the spheres, D.  Thus, the diameter of the spheres can be calculated from 
the (111) interplanar spacing by Equation 1.12 . 
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Therefore the magnitude of the d111 spacing and the position of the photonic stop-band can 
be tailored by altering the diameter of the spheres used in the formation of the colloidal 
crystal sample. It can be calculated that for stop-bands in the visible wavelength region 
(400 - 750 nm) the diameters of the polystyrene spheres should be in the range 
200 - 400 nm. 
 
 
1.6   Structure of the Thesis 
Methods and mechanisms for the fabrication of both highly-ordered bulk colloidal crystals 
and of arrays of controlled geometry are presented in this thesis.  The colloidal crystal 
structures fabricated during this project have been comprehensively characterised using a 
variety of complementary techniques.  Commonly used analysis methods and the required 
instrumentation are introduced in Chapter 2.    
 
The polymerisation technique used to synthesise the mono-disperse polystyrene spheres 
required for the fabrication of colloidal crystal thin films is discussed in Chapter 3.  Results 
demonstrating thin film deposition using these polystyrene spheres are presented in 
Chapter 4.  Formation of colloidal crystal structures is demonstrated not only on 
conventional rigid substrates but also on a range of functional substrates, including the 
flexible, optically transparent and electrically conducting indium tin oxide coated 
polyethylene terephalate.   
 
A technique for the directed deposition of highly-ordered colloidal crystal arrays is 
introduced in Chapter 5 and the results discussed.  Examples illustrating the expansion of 
the method to large areas (5 × 1 cm) and demonstration of the technique on a range of 
functional substrates are also given.   During directed colloidal deposition over large areas 
mechanisms competing with colloidal self-assembly were observed and these are discussed 
in Chapter 6.  The fabrication of novel arrays of layered colloidal crystal heterostructures is 
presented in Chapter 7.   
 
Although each chapter contains a discussion of the presented results and the conclusions 
drawn from them, Chapter 8 summarises the key findings and presents the overall 
31 
conclusions from the project.  Chapter 8 also discusses some of the possibilities for further 
research following on from the results of this study. 
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2 Instrumentation  
The colloidal crystal structures fabricated during this study have been extensively 
characterised using a wide range of techniques, this Chapter introduces the most common 
of these.  Direct characterisation of the colloidal crystal arrays has been carried over large 
areas (5 × 1 cm) using optical microscopy. As an optical microscope cannot resolve the 
individual colloidal particles (200 – 450 nm), scanning electron microscopy has been used 
to assess the ordering of the particles within in the arrays.  White light interferometry has 
been used to quantify the topography of the colloidal crystal arrays, as well as the 
topography of stamps used to pattern the substrates.   The three dimensional periodicity of 
both the bulk colloidal crystals, and arrays of them, have been characterised using optical 
spectroscopy.  Information about the patterning of the substrates prior to colloidal 
deposition has been gained using Raman spectroscopy and contact angle measurements.   
 
2.1 Optical Microscopy  
The concept of the modern optical microscope dates from around 1600, but it wasn’t until 
the wavelike nature of light was understood in the 1800’s that its use became ubiquitous 
across the physical sciences 64.    
 
The magnification of an optical microscope is calculated from the contributions of two 
parts, the objective lens and the eyepiece 64. In normal operation the eye-piece remains 
fixed and the objective lens is varied to alter the magnification. An optical or light 
microscope is capable of magnifications up to the order of 1000× (with the aid of an 
oil-immersion objective) 64.  Images can be gathered using optical microscopy in two 
modes, when the light has been transmitted through the sample, or when the light has been 
reflected from it.  A schematic illustration of a conventional optical microscope in 
transmission mode and its lenses is shown in Figure 2-1. 
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Figure 2-1  Schematic diagram of lens system and optical path in an optical microscope operating in 
transmission mode 
The resolution of an optical microscope is defined as the smallest separation at which two 
points can still be observed to be individual and is governed by Abbe’s relationship, 
Equation 2-1. 
                                                                      α
λδ
sin
61.0
n
=                                                        Equation 2-1 
Where δ is the minimum resolvable distance, λ is the wavelength of radiation, n is the 
refractive index of the viewing medium and α is the half-angle subtended by the objective 
lens at the object 65.  
 
As α can never exceed 90˚, for an objective in air (where n = 1) a separation smaller than 
0.61λ cannot be resolved. By approximating the wavelength of white light to be 550 nm 
Equation 2-1 shows that a resolution of better than 0.3 μm cannot be achieved. This 
limitation arises from the wavelength of white light and cannot be improved by changes to 
the optics 64.  This maximum resolution has been attainable since the 19th century 66.   
 
During this study optical microscopy, typically in reflectance mode, has routinely been 
used to acquire low magnification images of the highly ordered thin film colloidal crystal 
arrays formed and to characterise each stage of their fabrication.  Characterisation of bulk 
colloidal crystals has also been carried out.  
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2.2 Scanning Electron Microscopy  
The resolution of the optical microscope is limited by the wavelength of white light and is 
thus not able to resolve individual colloidal particles (190 – 460 nm) 66.  This limitation 
can be surpassed and higher resolution images obtained by using electrons which have a 
shorter wavelength, as can be calculated by the de Broglie relationship, (Equation 2-2) 66.  
p
h=λ                                                               Equation 2-2 
 
where λ is the wavelength, h  Planks constant and p  the momentum.  The relationship can 
be expanded for the case of an electron being accelerated (and thus gaining kinetic energy) 
in the column of an electron microscope.     
2
1
0
0 )2( eVm
h
vm
h
p
h ===λ                                      Equation 2-3 
where 0m is the rest mass of the electron, v  the electrons velocity and eV the energy 
supplied to the electron by the accelerating voltage.  h , and 0m are constants, therefore the 
wavelength of an electron in a known accelerating voltage can be calculated.  For a 10 keV 
accelerating voltage an electron is found to have a wavelength of 0.0123 nm.  Therefore, 
imaging at atomic resolution is theoretically possible using electrons.  However, although 
subatomic resolution can be achieved using state of the art transmission electron 
microscopes (TEMs), 66 careful, time consuming sample preparation is required to produce 
a specimen for TEM analysis.  Scanning electron microscopes (SEMs) offer nm resolution 
without the need for complex sample preparation.  Therefore, as the particles used to form 
the colloidal crystals during this project are 190 - 460 nm in diameter, the use of an SEM is 
more appropriate.  A further benefit of the SEM is the large depth of field which is 
particularly useful when imaging topographically patterned surfaces 67.  SEMs also have a 
large chamber which allows the characterisation of large specimens enabling the quick 
characterisation of entire samples (5 × 1 cm). 
 
During this project detailed information on periodicity, long range order, domain shape, 
and film thickness of the colloidal crystal structures, and the selectivity of area specific 
approaches have been obtained using SEM.  Two instruments have been used, the JEOL 
JSM-5610LV and the LEO 1525 FEG. Figure 2-2 shows schematically the optical path and 
key components of a typical SEM.   
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Figure 2-2 Schematic illustration of the electron column of a typical SEM 49 
 
 
2.2.1 Electron Gun 
The electron gun provides the source of electrons in an electron microscope. A typical gun 
is composed of an electron source (usually a filament), an aperture shield at a slightly 
positive potential and an anode at very high positive potential 68. The filament is 
surrounded by a shield, commonly referred to as a Wehnelt cylinder, which is biased with 
respect to the cathode and collimates the electrons from the filament and directs them 
towards the anode 68. The electrons which pass through the shield aperture are accelerated 
towards the anode by the large potential difference between the cathode and the anode. 
This potential difference is known as the accelerating voltage and is typically in the range 
1-30 kV in a modern SEM 69.  A schematic illustration of a typical electron gun is shown 
in Figure 2-3. 
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                                      Figure 2-3  Schematic illustration of an electron gun 69 
 
The brightness (and current density) emitted from the electron gun determines the 
magnitude of the signals produced by the interaction of the electron beam with the sample, 
while the diameter of the electron beam determines the resolution 69. Therefore, in order to 
form a high resolution image with low noise, it is desirable to form a narrow beam with 
high current density.  During this study SEMs with two different types of electron sources 
have been used – thermionic emission and field emission sources. 
 
2.2.1.1 Thermionic Emission 
Thermionic emission occurs when a material is held at a sufficiently high temperature so 
that some electrons can overcome the work function of the material and be drawn from the 
source 69. The most commonly used filament is the tungsten hairpin (tungsten work 
function ~ 4.5 eV, operational temperature ~ 2700 K) 69. Tungsten filaments are used as 
they are relatively inexpensive, their properties well understood, can operate under 
relatively high vacuum (~0.001 Pa) and long lifetimes can be achieved (around 70 hours in 
a reasonable vacuum) 69. 
 
An alternative thermionic source is lanthanum hexaboride (LaB6) which offers superior 
brightness and lifetime. LaB6 has a lower work function than tungsten and can therefore 
operate at lower temperatures 69.  However, LaB6 is chemically reactive and requires a 
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good vacuum, typically <100 μPa i.e. an order of magnitude higher than the tungsten 
filament. 
 
2.2.1.2 Field Emission 
Electrons can be drawn from the tip without the input of heat by a technique known as 
field emission 69.  In this process the cathode is held at a large negative potential relative to 
the anode, creating an electric field at the tip of the filament so strong that the potential 
barrier is reduced.  This reduction, coupled with the extremely sharp point of the filament 
(~ 100 nm compared to ~ 100 μm for tungsten and LaB6 thermionic sources) 69 allows 
electrons to ‘tunnel’  through the potential barrier and can leave the cathode without the 
requirement of thermal energy 69.  
 
The cathode is typically made from tungsten but, unlike the hairpin filament, an oriented 
single crystal of tungsten is used, as the work function depends on crystal orientation 69. 
The work function also depends on the cleanliness of the tungsten surface and hence it is 
critical to have a good vacuum (~10 nPa) 69. A field emission source can provide an 
electron density hundreds of times greater than a thermionic source at the same 
accelerating voltage, and therefore provide better imaging resolution 69.  However, 
instruments using cold field emission are considerably more expensive than instruments 
using a thermionic source. 
 
2.2.2 Electron Lenses 
The use of an electrostatic or magnetic field to focus electrons was first discovered in the 
1920’s 67.  Following this breakthrough the use of electromagnetic lenses in electron 
microscopes has become virtually universal. A magnetic lens consists of a central bore, 
through which the electrons travel, surrounded by a ‘pole-piece’ 64. The pole-piece is a 
piece of soft magnetic material, typically iron, with a hole drilled through it for the central 
bore 66. Coils of copper wire surround the pole-piece; by applying current to these the lens 
can be operated 66.  Varying the applied current alters the strength of the magnetic field and 
thus the interaction with the electron beam. 
 
The schematic of the SEM shown in Figure 2-2 illustrates that there are two principal lens 
systems in an SEM – the condenser lens and the objective lens. The condenser lens system 
narrows the diameter of the electron beam producing an imaging probe and causes it to 
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pass through a focal point 65.  The objective lens focuses the electron beam on the sample 
surface and thus determines the final spot size of the beam and ultimately the resolution 69.   
 
2.2.3 Specimen Stage 
Samples are mounted on a platform at the base of the microscope column. The platform 
can be moved in the x, y and z directions, tilted and rotated. Typically the specimen can be 
tilted to around 70˚, which enables the imaging of the internal planes of cleaved colloidal 
crystal samples. By tilting cleaved samples the internal ordering of the thin films fabricated 
during this project were assessed and the thickness of the films determined; use of this 
technique is demonstrated in Chapter 4.   
 
2.2.4 Electron Detectors 
In an SEM electrons are focussed into a small probe and raster-scanned across the sample 
surface. As the beam interacts with the sample, a number of signals are emitted from the 
point of interaction of the beam (Figure 2-4) 65 
 
 
 
 
 
Figure 2-4 Illustration of the main electron/specimen interactions and signals emitted in the SEM 
 
Secondary electrons provide a convenient low energy signal (≤ 50 eV) which can be 
collected for the purpose of imaging topographical contrast, and therefore virtually all 
SEM are fitted with a secondary electron detector 69.   Secondary electrons are formed as 
an ionisation product during the interaction of the electron beam with the specimen 69.  
When the electron beam interacts with the sample inelastic collisions can occur between 
the energetic beam electrons and the weakly bound conduction electrons of the sample. 
The sample absorbs the high energy incident electrons and thus acquires a net negative 
charge. To regain ground potential, secondary electrons, of lower energy (≤50 eV) than the 
primary electron beam, 68 are released from the sample. The probability of the secondary 
electrons escaping from the sample is described by Equation 2-4.  
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where p is the probability of escape, z is the depth below the surface where generation 
takes place and λ is the mean free path of the secondary electrons 69.  
 
To escape the sample, and therefore be detected as a signal, the secondary electrons must 
overcome the work function of the sample material.  As shown by Equation 2-4, the 
probability of a secondary electrons escape decreases as the beam electron moves deeper 
into the sample. Thus only secondary electrons emitted from shallow depths are detected 
making SEM a surface sensitive technique 69.  Secondary electrons are typically emitted 
from depths of around 5λ where λ can be up to 10 nm in an insulator 69.  Topographical 
contrast is observed during secondary electron imaging as the number of electrons which 
can escape from the interaction volume varies with sample topography, i.e. increased 
brightness is observed from inclined and corner areas where more electrons from the 
interaction volume lie within the escape depth, Figure 2-5. 
 
 
 
Figure 2-5 Secondary electrons are created within a large droplet-shaped volume within the specimen, 
however, only those from a given proximity to the surface, R, escape.  The number of electrons which 
can escape from the specimen varies with surface topography, as shown for: (a) a horizontal specimen 
surface; (b) an inclined specimen; (c) a corner. 
 
As the topographical contrast of secondary electron images is analogous to the scattering 
of visible light observed by the eye, the basic interpretation of topography in secondary 
electron images is intuitive.  The conventional secondary electron detector is based on the 
Everhart and Thonley model 69, where low energy secondary electrons are attracted to a 
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Faraday cage, held at ~ 300 V 69. The Faraday cage has a mesh to permit the entrance of 
electrons which are then accelerated at ~ 10 keV towards a scintillator 67. The energetic 
electrons strike the scintillator, producing photons which are converted to an electrical 
signal before amplification 69. A typical secondary electron SEM image of a colloidal 
crystal is shown in Figure 2-6.   
 
 
Figure 2-6 Secondary electron SEM image illustrating the close packing of the polystyrene spheres in a 
colloidal crystal structure 
 
2.2.5 Specimen Preparation 
Preparing a sample for standard characterisation using an SEM is a quick and simple 
process.  However, the preparation of the sample is destructive and thus SEM analysis is 
typically the final technique used to characterise a sample.   
 
Using an SEM to image non-conducting materials, such as the colloidal crystals formed 
during this project, is simplified by coating them with a thin layer of conducting material. 
Failure to coat the surface results in charging, a complex process whereby a negative 
charge builds up in the sample.  This charge may be released suddenly resulting in bright 
flashes on the image or deflection of the incident beam and secondary electron signal, 
again causing a distortion to the image. In addition to charging, imaging an uncoated, non-
conducting specimen may also induce beam damage to the sample, due to the build up of 
energy. Sputter coating is widely used to coat a thin layer (typically 10 – 20 nm) of inert 
metal, such as gold, over the sample surface. To further minimise charging a good 
electrical contact between the substrate and the sample holder is required, this is usually 
achieved using conductive tape and silver paint. 
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2.2.6 Imaging  
Imaging in the SEM requires the electron beam to be focussed at a point on the specimen 
surface.  Above and below the point of optimum focus the beam will broaden due to the 
angular divergence of the focussed beam 69. When the lens conditions focus the beam some 
areas that lie outside the focal plane still remain in focus. The range over which these areas 
remain in focus is known as the depth of field. The depth of field of an SEM is larger than 
that of an optical microscope due to the small convergence angle of the electron beam 67.  
The depth of field can be increased by making two changes to the operating conditions of 
the SEM: (1) increasing the distance between the objective lens and the highest point on 
the specimen (working distance); (2) By reducing the diameter of the final lens aperture, 
which reduces the angular divergence of the beam 70.   
 
Working distance also influences the quality of image collected.  In addition to decreasing 
the depth of field, a short working distance raises the lower limit of magnification. 
However, a compromise has to be made in selecting the optimum working distance since at 
very short or long distances the clarity of the image is affected. 
  
The speed at which the beam passes over the specimen also affects image quality.  A 
slower scan speed improves the clarity of the image; the increased residency of the beam 
increases the number of electrons interacting per point and thus leads to an increased signal 
and reduction in noise.   
 
When carrying out secondary electron imaging the chosen accelerating voltage also affects 
image quality and ultimately resolution 69.  When the electron beam strikes the surface of a 
specimen it penetrates to a depth that is directly proportional to the beam energy and 
inversely proportional to the average atomic number of the specimen region 69. As the 
accelerating voltage is increased the electron beam penetrates to a greater depth below the 
surface and the zone of primary excitation becomes larger. The result is that additional 
noise is generated and there is a corresponding loss in the detail of the surface structure 69. 
In general there is an optimum value for each specimen to achieve the maximum 
resolution. In this project an accelerating voltage of 5 - 10 kV was most commonly used. 
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2.3 White Light Interferometry (WLI) 
White light interferometery (WLI) gains topographical information from the interference 
of a coherent beam of light split along two paths and then recombined; one beam is 
reflected from the specimen and one from a reference mirror.  As only reflections from 
areas of the sample in focus add coherently, varying the focus height allows the creation of 
a topographical map of the substrate.  The use of a reference arm also removes the 
dependence of the vertical resolution on the wavelength of white light, and hence features 
of 1 nm can be resolved in the vertical direction 64.  Lateral resolution is ultimately limited 
by the wavelength of white light, but also depends on the strength of the objective lens 
used 71, varying from 12 – 0.5 μm with magnifications of  ×1 - 100.  A schematic 
representation of a white light interferometer is shown in Figure 2-7. 
 
 
Figure 2-7   A  schematic representation of a white light interferometer 
 
White light is formed into a beam by the illuminator optics and passed through a filter to 
the objective lens.  The beam is then divided into two parts by a splitter; one beam is 
incident on the sample and the other onto a reference surface.  Following reflection the 
beams recombine at the beam splitter and interference occurs due to their path difference, 
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this information is gathered by a charge-coupled device (CCD). By altering the position of 
the focus point, surface topography can be determined from the variation between resulting 
interference patterns.          
 
During this project a Zygo New View 200 white light interferometer has been used 
extensively for the characterisation of topographically patterned surfaces, such as the 
stamps used during micro-contact printing.  WLI was also used to determine the thickness 
of the colloidal crystal arrays formed.   
 
WLI is a quick and non-destructive technique which provides detailed information on 
substrate topography.  As the errors associated with the vertical resolution were typically 
more than two orders of magnitude smaller than the feature heights investigated in this 
project, (error 5 nm : feature height 2 μm). WLI is particularly applicable to reflective 
surfaces with a constant refractive index.  However, translucent samples and those of 
varying refractive index can be characterised with care.   
 
2.3.1 Comparison of WLI Surface Profile with Alternative Techniques 
To confirm that the surface profiles produced by WLI were an accurate reproduction of the 
surface topography, they were compared with surface profile gathered by atomic force 
microscopy (AFM) and cross-sectional SEM, Figure 2-8.  The AFM surface profile 
presented was gathered by Liling Koh of the Materials Department, Imperial College 
London using a silicon nitride tapping mode tip with aluminium coating.   
                    
Figure 2-8 Surface profile gathered by white light interferometry (WLI), atomic force microscopy 
(AFM) and cross-sectional scanning electron microscopy (SEM) 
 
Close correlation between surface profiles gathered by WLI, SEM and AFM can be 
observed in Figure 2-8.  As AFM characterisation is a time consuming process and SEM a 
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destructive technique, WLI has been the most commonly used topographical 
characterisation technique during this study.   
 
2.4 Optical Spectroscopy  
The spectral position and properties of a photonic stop-band can be measured by 
illuminating a sample and collecting the reflected or transmitted light as a function of 
wavelength and intensity.  When the Bragg condition is satisfied, the incident radiation is 
unable to propagate through the sample and thus can be detected as a peak in the 
reflectance spectrum or a dip in the transmission spectrum 37. 
 
2.4.1 Instrumentation 
Optical characterisation of bulk thin film colloidal crystals produced during this study have 
been carried out using a specially assembled optical bench; a Bentham 2000 Series 
Spectrophotometer controlled by BenWin+ software. The optical set-up is illustrated in 
Figure 2-9. 
 
 
 
 
 
 
 
Figure 2-9  Schematic illustration of the optical bench set-up 
 
Illumination is provided by a 100 W quartz halogen lamp.   As the lamp generates a broad 
spectral emission the light is passed through a filter to remove the second harmonic. A 
triple grating monochromator (TM300V) allows the specific selection of wavelengths in 
the range 300-1100 nm. Given wavelengths are selected according to the first order grating 
equation, shown in Equation 2-5. 
                                                                   βθλ cossin2d=                                Equation 2-5 
Where λ is the wavelength, d is the groove spacing of the diffraction grating, θ is the 
grating angle in degrees and β is a fixed angle (for the TM300V β=13˚) 72. The 
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monochromated beam is then passed through an aperture which controls the diameter of 
the incident beam which can be varied from 0.7 mm to over 1 cm. 
 
Angular resolved studies are carried out by mounting the sample on a goniometer stage 
which allows the angle of the incident radiation to be varied from 0 - 75˚. The goniometer 
is placed on a 12.5 × 12.5 mm x-y stage which enables the sample to be moved with 
millimetre precision. A silicon semiconductor detector (DH-Si) with an angular range of 
0 - 180˚ is used which can detect radiation with wavelengths in the region 300-1100 nm. 
The signal gathered by the detector is amplified and converted by the BenWin+ software to 
a graphical trace, as illustrated in Figure 2-10.  A spectral resolution of 1 nm and an 
angular resolution of 1˚ can be achieved using this optical setup. 
 
Both reflectance and transmission measurements can be made using the previously 
described optical setup.  However, reflectance measurements at an incident angle of 0˚ 
cannot be collected since the detector blocks the incident beam. As the detector response is 
non-linear across the wavelength region examined a background/reference reading is taken 
and subsequently subtracted from spectra gathered.  A typical background spectrum is 
shown in Figure 2-10. 
 
Figure 2-10 A typical background/reference spectrum 
Signals recorded during a measurement are in nano-Amps (nA), as shown in Figure 2-10, 
but calibration using the background/reference spectrum allows the input signal to be 
converted to percentage reflection or transmission. Angular resolved studies can be 
undertaken by setting up the software to measure the radiant intensity as a function of 
wavelength and angle.   A typical series of reflection and transmission spectra for a film 
composed of 458 nm spheres is shown in Figure 2-11. 
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Figure 2-11  Optical spectroscopy characterisation (10 - 40º) of a thin film colloidal crystal composed 
of 458 nm polystyrene spheres; transmission (T) and reflectance (R).  The transmission spectra have 
been offset vertically to aid visualisation.  
 
Typical reflectance and transmission spectra are shown in Figure 2-11.  Previous work by 
Barron has shown the measurements made on the optical set-up used within this project to 
be equivalent to those of other systems 73.  As there is no significant absorption by 
polystyrene in the wavelength range 370 – 1400 nm results obtained by these techniques 
can be considered equivalent 74.  However, at wavelengths greater than the stop-band the 
intensity of transmitted light is reduced due to diffuse scattering which can alter the 
position and width of the stop-band 60.  In addition, as the angle of incidence is increased 
the intensity of the Bragg dip in transmission is reduced.  Therefore, transmission spectra 
can typically only be gathered over the range 0 - 50° whereas a reflection peak can still 
clearly be resolved at angles of incidence of up to 70° 75.  However, transmission 
spectroscopy does have the advantage that measurements can be carried out at normal 
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incidence.  Therefore the two techniques are considered complementary and should be 
used in conjunction to acquire maximum information from a sample.  Results gathered by 
reflectance and transmission spectroscopy are discussed in more detail in Chapter 4. 
 
2.4.2 Experiments 
An investigation was carried out into the reproducibility of the data gathered by optical 
spectroscopy, assessing the variation between repeat measurements, the effect of sample 
location and spot size used, were examined.  
 
2.4.2.1 Reproducibility of Spectra 
To investigate the reproducibility of measurements made using the optical setup three 
spectra were gathered from the same area of a sample.  This was repeated for samples 
fabricated from a number of different sphere sizes (192 – 460 nm in diameter).  Although 
the data from consecutive scans was not identical the difference was small and led to a 
variation of less than ± 0.3 %.  The error associated with the optical spectroscopic 
characterisation is discussed in more depth in section 2.4.2.4. 
 
 
2.4.2.2 Effect of Sample Location on Spectra 
A series of experiments were conducted to investigate the variation in the location of the 
reflectance maxima with the position of the incident beam on the sample surface. As such, 
the variation in the position of the Bragg peak was investigated at three different positions 
along a thin film in both the x and y directions as shown schematically in Figure 2-12. 
Table 2-1 summarises the positions of the reflectance peaks at the different positions along 
the film surface. 
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Figure 2-12  Schematic showing the locations from which reflectance spectra were gathered. 
 
Angle of incidence 
(°) 
C 
(nm) 
1 
(nm) 
2 
(nm) 
3 
(nm) 
4 
(nm) 
10 824 816 825 824 823 
20 812 803 813 812 805 
30 784 774 783 782 776 
40 754 751 754 756 749 
50 732 730 733 731 738 
Table 2-1 Variation in the wavelength of peak maxima with sample position 
 
The data presented in Table 2-1 shows that the maximum difference between the position 
of the peaks in the central sample is 7 nm in the x-direction and 10 nm in the y-direction.  
The variation of the error in peak position between the x and y directions could be due to 
the shorter distance between measurements in the x direction, Figure 2-12. This change 
corresponds to a variation of less than ± 1.4 % of the measured value and a change in peak 
position of this magnitude could be explained by surface roughness 73.  
 
 
2.4.2.3 Influence of Spot Size 
A series of experiments were carried out examining the influence of spot size (0.7 – 10 mm 
in diameter) on the reflectance spectra gathered from colloidal crystal samples fabricated 
from a range of polystyrene sphere sizes (192 - 460 nm).  No significant variation in the 
spectra was observed with the increased spot size.  As the smallest spot size used, 0.7 mm, 
is large in comparison to the average domain size with in the colloidal crystal, increasing 
the sample area does not significantly alter the spectra. 
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2.4.2.4 Variation in Optical Measurements 
As demonstrated in the previous section, the variation in the wavelength position of the 
reflectance maxima with sample location was found to be ± 10 nm.  By accounting for this 
variation, measurements made at any point on a sample can be compared to each other, 
more importantly, measurements from further samples prepared from the same colloid can 
also be compared. 
 
The error in the angle of incidence was taken as negligible, as this would arise from the 
motor driving the goniometer and is therefore expected to be systematic. The error in the 
calculated effective sphere size, d, induced by the variation in peak position with location, 
can be investigated by the comparison of d from a large number of spectra collected across 
a sample, Figure 2-13. 
 
Figure 2-13 The frequency of effective sphere sizes calculated from optical reflectance spectra gathered 
across the sample. 
The full-width at half-maximum (FWHM) of the spectra shown in Figure 2-13 indicates 
the variation associated with the calculated effective sphere size due is ± 2.5 nm, which is 
equivalent to a variation of ± 1.3 % of the sphere size.  This trend has been observed for 
measurements across a range of sphere sizes and samples with an variation of typically 
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1.3 – 1.5 % observed.  Consideration of this variation allows the comparison of 
measurements made in different locations across the sample and of different samples 
fabricated from the same batch.   
 
2.5 Raman Microscopy  
Radiation incident on a sample can be either absorbed or scattered.  The vast majority of 
the scattered radiation is Rayleigh scattered with the polarisability of the molecule 
remaining constant.  However, a small fraction of the incident photons alter the 
polarisability of the molecule during scattering and the interacting radiation gains or loses 
energy accordingly, a process termed Raman scattering 76.  The energy change during 
Raman scattering is proportional to the local vibrational energy levels of the sample and 
hence the resultant spectra can be linked to the chemical structure 76.   
 
As only 1 in 106 photons, are Raman scattered, a high power monochromatic radiation 
source is required to irradiate the sample and hence a laser is used.  To minimise the spot 
size, and hence increase spatial resolution the laser beam is focussed using an optical 
microscope.  Raman spectra are gathered by monitoring the intensity of radiation across a 
range of wavelengths.  Within this project a Renishaw Invia instrument 
(wavelength 785 nm) has been used to confirm the transfer of alkanethiol molecules to 
gold substrates.    
 
 
2.6 Contact Angle Measurements 
When a droplet is placed on a solid material an angle is usually formed between the droplet 
and solid 77; this is termed the contact angle, illustrated as θ in Figure 2-14.  Contact angle 
measurements can be used to quantify the hydrophilicity of a substrate by measuring the 
wetting of liquid droplet on a substrate. 
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Figure 2-14  Images gathered during contact angle measurements on functionalised gold substrates; 
(a) A hydrophilic substrate, water static advancing contact angle (SACA) 34°,(b) A hydrophobic 
substrate, SACA 98°.  
 
An example of a low contact angle, associated with a hydrophilic substrate, and a high 
contact angle associated with a hydrophobic one, are shown in Figure 2-14. A Fibro 
DAT 1100 has been used in this project to measure the static advancing contact angle of 
de-ionised water on a range of substrates.  To carry out the measurement a known volume 
of water was dropped onto the horizontally held substrate and the droplet profile monitored 
using a high resolution camera.  Imaging software was then used to calculate the contact 
angle from the contrast difference in the images.    
 
 
 
a b
θ θ
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3 Synthesis of Polystyrene Spheres  
3.1  Colloidal Sphere Literature  
The Dow chemical company first demonstrated the synthesis of mono-disperse polystyrene 
spheres using emulsion polymerisation in 1947 78.  Emulsion polymerisation is a 
heterogeneous process which requires four elements – an aqueous dispersion medium, a 
surfactant/emulsifier, a monomer and an initiator which must be soluble in the dispersion 
medium 79.  The product formed is a colloidally stable dispersion of polymer in water 
known as a latex 80.  Polymer spheres prepared by emulsion polymerisation are typically 
0.05 – 1 μm in diameter compared to, for example, spheres formed via suspension 
polymerisation which are approximately 0.1 – 0.2 mm in diameter 80. 
 
For the formation of highly ordered colloidal crystals the presence of a surfactant within 
the colloidal solution is not ideal as the surfactant may affect the properties of the latex.  
Surfactant ions can arrange themselves around polymer spheres which could lead to a 
change in effective sphere diameter and surface chemistry 81.  The removal of surfactant 
from colloidal solution is not a trivial process and hence it is desirable to form the latex 
without its presence 81,82.  Matsumoto and Ochi demonstrated that latexes could be 
synthesised without the use of a surfactant/emulsifier using a polymerisation technique 
known as emulsifier-free, or soap free emulsion polymerisation 81.  The latexes formed 
using this technique are stabilised by the presence of chemically bound surface groups 
from the initiator 81 and have been shown to form mono-disperse particles (σ < 5%) in the 
size range 0.1 – 1 μm 83.   
 
 
Although the method of emulsifier-free emulsion polymerisation was explored during the 
1960s a detailed study of the mechanism was not completed until the work of Goodall and 
co-workers in the 1970s 81-83.  ‘Clean’/emulsifier-free mono-disperse polymer spheres have 
been utilised in commercial applications including electron microscope calibration and 
pore size determination in filters 81.   
 
 
3.2   Polymerisation Technique 
The polymerisation technique used in the synthesis of submicron polymer particles is 
free-radical addition polymerisation.  Free-radical polymerisation is one of the most 
common chain polymerisation techniques in which each polymer grows by the addition of 
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a monomer unit to a terminal free-radical reactive site, known as an active centre 80.  This 
polymerisation method is used predominantly for the synthesis of polymers from 
monomers of the general structure CH2=CHX.  As with other chain polymerisation 
reactions the mechanism can be broken into three distinct stages: 
1. Initiation 
2. Propagation 
3. Termination 
These stages will be discussed in the following sections. 
 
3.2.1  Initiation 
Initiation of the reaction requires the creation of a free-radical active centre which usually 
takes place in two stages.  The first is the formation of free-radicals from the initiator as 
shown in Figure 3-1, and the second is the addition of these reactive species to the 
monomer 80.   
 
 
 
 
Figure 3-1 Creation of a free-radical from a persulfate initiator 
 
There are two standard ways in which a free-radical can be formed; by homolysis of a 
single bond, or by single electron transfer from an ion or molecule (e.g. redox).  Homolysis 
can be induced by increases in temperature, for instance compounds containing peroxide 
(O-O) linkages undergo thermolysis in the temperature range 50 – 100 ºC 80.  
 
An active centre is then created when a free-radical generated from the initiator (In•) 
attacks the π-bond of a monomer molecule.  There are two potential addition modes on 
styrene following the creation of the active centre as shown in Figure 3-2. 
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Figure 3-2 Possible modes of addition of a free-radical to a molecule of styrene 
 
The first addition mode, (1), dominates as attack at the methylene carbon is less sterically 
hindered.  Mode 1 is further supported by the greater possibility of resonance stability by 
the interaction of the aromatic ring and the unpaired electron on the adjacent α-carbon 80. 
 
3.2.2 Propagation 
During propagation the polymer chain grows by the rapid sequential addition of monomer 
units to the active centre.  As with initiation there are two possible modes of propagation, 
either head-to-head or head-to-tail addition.  Experimental evidence supports the 
dominance of head-to-tail addition for polystyrene 80 as illustrated in Figure 3-3. 
 
 
Figure 3-3 Schematic illustration of the head-to-tail addition of styrene monomer in a growing 
polystyrene chain 
 
The head-to-tail mode dominates during the formation of polystyrene as it is less sterically 
hindered, although head-to-head linkage is occasionally observed 80.  During propagation 
the time for the addition of one monomer unit is typically of the order of a millisecond 80.   
 
 (1) 
 (2) 
In•    + 
• 
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3.2.3 Termination 
Theoretically a polystyrene chain could propagate until all the monomer units have been 
consumed.  However, the free-radicals are very reactive and rapidly form inactive covalent 
bonds 80.  Therefore, when the radical concentration is high, short chains are produced; 
thus by varying the radical concentration the diameter of the colloidal spheres can be 
altered.  Two mechanisms, combination and disproportionation dominate for the 
termination of a growing polymer chain.    It has been reported that combination is the 
prevailing termination mechanism during styrene polymerisation at 330 – 370 K 80.  The 
combination mechanism is shown schematically in Figure 3-4. 
 
 
 
 
 
 
Figure 3-4 Schematic of the combination mode of termination for a growing polystyrene chain 
 
3.3   Polymerisation Mechanism 
3.3.1 Emulsion Polymerisation 
The mechanism proposed by Harkins 84 for the emulsion polymerisation of styrene type 
molecules has been accepted and agrees reasonably with experimental data 85.  Emulsion 
polymerisation is a heterogeneous reaction process in which hydrophobic monomers are 
dispersed in a continuous phase with the aid of an emulsifier and polymerised with 
free-radical initiators.  The three stages outlined previously, initiation, propagation and 
termination, occur in all polymerisations of this type, however, the following section will 
describe the mechanisms proposed specifically for emulsifier-free emulsion 
polymerisation.   
 
 
3.3.2 Emulsifier-free Emulsion Polymerisation  
Although the mechanism for emulsion polymerisation is generally accepted 84 there are 
several proposed mechanisms for emulsifier-free emulsion polymerisation which include a 
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homogeneous nucleation, oligomeric micellation and coagulation 81,82,85.  The mechanism 
of nucleation and colloidal stability are key features in understanding emulsifier-free 
emulsion polymerisation mechanism. 
 
Goodall et al 81 studied the nucleation mechanism of emulsifier-free polmerisation in the 
styrene/potassium persulfate/water system.  They reported that the formation mechanism 
was micellar nucleation due to the large number of styrene oligomers (MW ca 1000) 
present during the nucleation period as observed by gel-permeation chromatography.  The 
oligomers with ionic chain ends aggregate to form micelles from the aqueous phase and the 
primary free-radicals generated from the decomposition of the initiator (Figure 3-1) diffuse 
into these micelles to initiate polymerisation 85.  Once the stable latex particles are formed 
particle growth resembles that of emulsion polymerisation since the polymerisation mainly 
takes place within the latex particles swollen by the monomer, as opposed to the continued 
growth in the aqueous phase.   
 
As the polymerisation proceeds there is an increase in the surface area which results in a 
decrease in surface charge density and the primary particles undergo coagulation to regain 
colloidal stability 81. As the latex particles are stabilised by ionic fragments of the initiator 
the surface charge density is usually low and therefore for the successful formation of 
spheres the solid content must be kept low in comparison with conventional emulsion 
polymerisation 85. 
  
 
3.3.3 Surface Chemistry 
In emulsifier-free emulsion polymerisation it is the groups attached to the surface of the 
colloidal particles which give colloidal stability.  These surface groups are donated by the 
initiator and therefore by varying the amount and decomposition rate of initiator the 
surface groups on the latex can be controlled 79.    
 
For the emulsifier-free polymerisation of styrene using the initiator potassium persulfate, 
the reaction begins when the sulfate free-radicals are generated.  These radicals react in the 
aqueous phase with the monomer and the radical diffuses into a hydrophobic monomer 
droplet and particle growth continues (112).  The reaction proceeds as shown in Figure 3-5.  
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K2S2O8 2K+ + 2 SO •−4  
•−•− →+ MSOMSO 44  
                                                       •−•− →+ MMSOMMSO 44                                          
                                                  •−•− →+ MMMSOMMMSO 44                                       
Figure 3-5  Reaction scheme for the reaction of sulfate free-radicals with a growing monomer (M) 
chain 
 
Characterisation of the surface of polymer spheres synthesised by emulsifier-free emulsion 
polymerisation reveals the presence of sulfate (SO −4 ) and weak acid (COO − ) groups, 
although not all samples exhibited the acid groups 81.  In addition surface hydroxyl groups 
have also been identified 81.  The surface SO −4 originate from the persulfate initiator and the  
hydroxyl groups arise from the hydrolysis of SO −4  from the side reactions the persulfate 
undergoes with water to produce OH −  free-radicals.  The presence of the weak acid groups 
is most likely from the oxidation of some of the hydroxyl groups during the polymerisation 
reaction.  Titrations of polymer solutions approximately 2 years in age revealed no acid 
groups, probably due to hydrolysis 81.  However, despite the absence of acid groups the 
colloids were still stable.   
 
 
3.4 Size Control 
As discussed in Chapter 1 one of the most important factors in the formation of high 
quality colloidal crystals by self-assembly is a low polydispersity 36 with deviation in 
sphere size required to be below 4 % 44,62.  Films grown with a polydispersity greater than 
4 % typically exhibit dislocations, stacking faults and poor long range order 36.   
 
There are many factors which affect the diameter and polydispersity of a polystyrene latex 
including reaction temperature, reagent concentration [monomer/initiator], the agitation 
method and rate.  When considered individually the affect of each variable associated with 
size control can be explained and the effect on particle diameter understood.    However, 
the emulsifier-free emulsion polymerisation reaction has proved to be a complex process 
due to the interaction of the variables associated with controlling the reaction 49.  The 
interaction of many of these factors in addition to the necessity for rigorous control of each 
has highlighted the complexity of this area of polymer chemistry. 
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Only the effect of varying the monomer concentration has been investigated within this 
project.  However, for completeness, an explanation of the other key parameters is given in 
the following sections. 
 
3.4.1 Synthesis Temperature 
As the temperature of reaction increases the observed sphere diameter decreases. A rise in 
temperature leads to an increased rate of decomposition of the initiator and hence an 
increase in the number of free-radicals.  The increased number of free-radicals leads to the 
formation of more nuclei and thus more particles of smaller diameter. 
 
When using potassium persulfate as the initiator it is desirable to carry out the reaction 
above 60 ºC, as below this temperature the decomposition rate of the initiator limits the 
progression of the reaction.  Experiments within this project have been carried out at a 
constant 75 ºC.   The solubility of the monomer also increases with temperature, again 
leading to a rise in the number of nuclei formed and thus an increase in the number of 
particles and a reduction in their diameter.   
 
3.4.2 Monomer Concentration 
Madaeni and Ghanbarian 79 demonstrated that particle size is proportional to monomer 
concentration assuming all other factors are kept constant.  A large monomer concentration 
allows the formation of large diameter nuclei which result in large diameter spheres.  In 
addition increasing the monomer concentration allows an increased propogation period 
which also leads to an increase in particle diameter 79.  Polystyrene spheres of up to 
approximately 1 μm have been synthesised using this method 82. 
 
3.4.3 Initiator Concentration 
Wang et al 85 have proposed that during emulsifier-free emulsion polymerisation the 
styrene oligomers aggregate to form micelles.  Polymerisation is then started by the 
initiator diffusing into the micelles.  Increasing the initiator concentration leads to an 
increase in the number of free-radicals in solution and thus the formation of a large number 
of particles which consequently have smaller diameters 79,83. 
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3.4.4 Agitation  
Particle size and dispersity can be affected by variation in the agitation rate and method; 
i.e. an increase in the agitation rate leads to an increase in the number of polymer nuclei 
formed and thus a decrease in particle diameter.  It has also been reported that an increase 
in agitation rate can lead to an improved colloidal dispersity 79.  The polymerisations 
carried out during this project have been agitated using a twin-paddled overhead stirrer 
placed approximately 2 cm from the base of the standard reaction flask.   
 
3.5 Styrene Polymerisation 
The polystyrene spheres used during this project were synthesised by emulsifier-free 
emulsion polymerisation using the free-radical initiator potassium persulfate 
(Aldrich 99 %).  Styrene (bp 145 – 146 °C) was supplied by Aldrich containing traces of 
the inhibitor 4-tert-butylcatechol (bp 285 – 286 °C).  An inhibitor reacts with the 
free-radical active centres producing species incapable of re-initiating polymerisation and 
is added by the manufacturer to prevent self-initiation during transit and storage. The 
inhibitor was separated by vacuum distillation to reduce the risk of thermal initiation and 
with the rig wrapped in tin foil to minimise the risk of light-initiated polymerisation.  
Following separation the styrene was stored in amber bottles in the refrigerator under a 
nitrogen atmosphere until required.  The polymerisation rig is shown Figure 3-6.  
 
 
Figure 3-6  Annotated photograph of the polymerisation rig 
 
Overhead stirrer
Reflux condensor 
Reaction flask
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heated water  
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Polymerisation was carried out in jacketed reaction flask which allowed control of the 
reaction temperature.  The contents of the flask were agitated using a twin-paddled stirring 
rod situated approximately 2 cm above the base of the flask.   The top of the flask 
contained a reflux condenser and a reagent/nitrogen inlet.  Previous work 49 demonstrated 
that the electric motor of the overhead stirrer had a ‘lag’ period of approximately one hour 
before the rate of rotation became steady.  To reduce the impact of this effect the stirrer 
was started over two hours prior to the initiation of a polymerisation.  Using a hand-held 
tachometer the stirrer was set at a rate of 450 rpm and the flask charged with 200 ml of 
de-ionised water.  The water was de-oxygenated by the bubbling of oxygen-free nitrogen 
gas through it for a period of at least 15 minutes.  Following de-oxygenation the nitrogen 
flow was stopped and the temperature of the reaction flask raised to 75 °C using a 
circulating flow of water through the jacket of the reaction flask from a heated water bath.  
After a heating period of 30 minutes the styrene monomer was added to the reaction flask 
by syringe. 15 minutes were allowed for the styrene to become evenly distributed in the 
water following which the free-radical initiator was added. 
 
The only reaction parameter varied during this study was the concentration of styrene 
monomer added.  Therefore, the initiator was always prepared by the same method, 
2.0015 g of potassium persulfate was dissolved in 250 ml de-ionised water and sonicated 
to ensure complete dissolution.  10 ml of this initiator solution was added to the reaction 
flask during polymerisation, equal to a concentration of 1.185 × 10-3 molL-1.  Immediately 
following addition of the initiator the reaction solution was again de-oxygenated to ensure 
that the free-radicals formed during decomposition of the persulfate did not recombine 
with oxygen from the water.  The stir speed was also reduced to 350 rpm.  Goodall et al 81 
demonstrated that the size of particles formed during the polymerisation at 70 °C was 
constant after approximately 10 hours of agitation.  To ensure the reaction had reached 
completion polymers synthesised in this study were left to reflux for a period of 24 hours at 
75 °C.  After about 2 hours the reaction solution became milky-white due to Rayleigh 
scattering, this colour remained throughout the reaction.  
 
Following completion, the reaction product was allowed to cool while still being stirred.  
Once at room temperature the colloidal solution was filtered through fluted filter paper and 
glass wool to remove un-reacted monomer and coagulum. 
 
The volume fraction of the colloidal suspension was calculated from the change in mass 
following evaporation of the aqueous solvent at room temperature 79. 
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3.6 Sizing Methods 
Backus and Williams 86 first demonstrated the use of electron microscopy for the 
determination of particle diameters and size distributions in polystyrene latexes in 1949 79.  
TEM measurements were used to size colloids produced during this project as previous 
studies have shown it to be the only method which can provide both accurate and precise 
measurements 73.  Previous studies have shown that dynamic light scattering can be used to 
gain an approximation of sphere size in very dilute systems but that low angle laser light 
scattering measurements did not correlate with transmission electron microscope (TEM) 
measurements 73. The TEM micrographs presented in this section were collected by 
Catriona McGilvery at Imperial College using a TEM JEOL 2000FX operating at 200 kV 
with a tungsten filament source.   
 
The colloidal solution was sonicated for 30 minutes to ensure the break-up of any 
aggregates.  The solution was then diluted until the milky-white colour was just observable 
and a droplet placed on a holey carbon film coated copper grid and allowed to evaporate.  
Images of each colloid were then recorded by TEM, Figure 3-7. 
 
 
Figure 3-7  Typical TEM micrograph of polystyrene spheres with a narrow size distribution 
 
At least 200 spheres were measured manually using Digital Micrograph software to 
ascertain the sphere boundary through contrast measurements, and the average diameter 
and standard deviation calculated.  Appendix C includes the sizing data for all synthesised 
colloids referenced by the date the synthesis was completed. 
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To reduce possible sources of error in this sizing method the eucentric height should be set 
correctly and the magnification of the TEM should be calibrated at the start of each 
imaging session.  The main source of error within measurements made in this manner 
arises from the assigning of the sphere edge in digital micrograph and for this reason 
sphere diameter should not be quoted to an accuracy of less than 1 nm.   
 
3.7 Synthesis Results 
Using the protocol developed by McLachlan and co-workers 49 a series of experiments 
were conducted to establish a relationship between the sphere diameter and the monomer 
concentration.  The styrene concentration was varied from 0.087 molL-1 to 0.55 molL-1.  
The diameter of the spheres and the size distribution for a typical synthesis batch is 
summarised in Figure 3-8. 
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Figure 3-8 Size information for colloidal spheres synthesised with styrene concentration in the range 
0.087 - 0.55 molL-1 
 
The data presented in Figure 3-8 shows the predicted trend of an increase in sphere 
diameter as the concentration of the monomer, styrene, was increased.  It should also be 
noted that all the colloids have a small size deviation (< 3 %).  Further syntheses were 
carried out to determine the reproducibility of the protocol and assess the ability to target a 
specific sphere diameter.  Figure 3-9 demonstrates the reproducible nature of the synthesis.   
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Figure 3-9 Variation in sphere diameter with repeat synthesis 
 
When the synthesis was repeated under the same conditions, a size variation of < 10 % was 
observed illustrating the reproducible nature of the procedure.  The results presented in 
Figure 3-8 and Figure 3-9 show that polystyrene spheres can be routinely synthesised with 
diameters in the range 190 – 460 nm.  It has been shown that sphere diameter can be varied 
by altering monomer concentration, while holding all other parameters constant, and that 
an approximate sphere size can be targeted. 
 
3.8 Conclusions 
Polystyrene spheres have been synthesised using emulsifier-free emulsion polymerisation.  
The protocol has been shown to be reproducible and demonstrated the ability to synthesise 
mono-disperse spheres of a chosen diameter.  The small size distribution of the colloids 
created make them ideal for use in the fabrication to thin film colloidal crystals.     
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4 Colloidal Crystal Thin Film Fabrication by 
Evaporative Vertical Deposition 
 
4.1 Colloidal Crystallisation Methods 
The recent intense research interest in colloidal crystal materials originated in the desire to 
create three-dimensional photonic band gap (PBG) structures.  However, the interesting 
properties offered by these structures i.e. porosity, interconnectivity and periodicity, have 
led to a broad spectrum of interest beyond the initial drive for a PBG material.  Many 
techniques have been utilised in an attempt to create sub-micron periodic structures but 
three main areas of methodology have dominated: microfabrication; holographic 
patterning; and colloidal self-assembly 14. 
 
Microfabrication techniques originate from the microelectronics industry and have 
successfully been used to form three-dimensional photonic crystals with an 
omni-directional PBG at approximately 1.5 μm 87.  One significant benefit of 
microfabrication is that defects can be relatively easily built into the structures to allow the 
guiding of light 14.  Although complex structures can be created using this method it is a 
difficult technological challenge to create structures with a PBG in the visible region, as 
the required feature sizes are close to the resolution of conventional microfabrication 
techniques.  The processing cost of microfabrication techniques is also inhibitive for 
structures such as those being used in the applications proposed for colloidal crystals. 
 
Structures with the sub-micron periodicity required to create a PBG in the visible region 
can be formed using holographic patterning.  Campell et al 88 demonstrated this approach 
using four non-co-planar laser beams interfering in a thick (30 μm) layer of photo-resist.  
During illumination the exposed photo-resist becomes cross-linked which hardens it to 
chemical attack, thus allowing the un-exposed photo-resist to be etched away, leaving a 
well-defined three-dimensional polymer structure with air voids.   
 
While both microfabrication and holographic patterning can be used to create periodic 
structures with photonic stop-bands, these techniques are expensive, complex and involve 
multi-step processing.  Fabrication of sub-micron periodic three-dimensional structures by 
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colloidal self-assembly is an attractive technique as it is quick, inexpensive, and requires 
little specialist equipment.   
 
While self-assembly is a common method for the fabrication of sub-micron periodic 
structures the methods used within this field vary considerably.   Of the techniques 
reported within the literature, four are particularly common: sedimentation; 
Langmuir-Blodgett type growth; spin coating; and vertical deposition.  The following 
sections (4.1.1-4.1.4) contain a brief outline of each of these techniques which each 
encompass a range of approaches rather than one single route.  
   
  
4.1.1 Sedimentation 
Sedimentation is the method by which natural opals form and was the first technique 
applied to fabricate ‘synthetic opal’ 32.  Although the colloidal solutions are stable with 
respect to the time periods used for deposition during this project, sedimentation of 
colloidal solutions will occur over extended periods, i.e. months.  During sedimentation a 
colloidal solution is allowed to settle under gravity and with stable conditions a 
close-packed colloidal crystal can be formed.  For the formation of ordered colloidal 
crystals, sedimentation must occur in the absence of vibrations or temperature variations 
and the colloidal particles must be mono-disperse 89.   If the deposition is to be onto a 
substrate the best quality colloidal crystals are formed when the substrate is held 
horizontally and is smooth, clean and chemically homogeneous 90.    
 
Particle diameter also plays a key role in natural sedimentation with difficulties 
encountered when spheres are too large or too small 35.  When the spheres are too small, 
< 300 nm, the time over which they form synthetic opals can exceed several weeks or even 
not occur at all, as Brownian motion compensates for the small gravitational forces felt by 
the particles.  If the colloidal particles are too large, > 550 nm, formation of ordered 
colloidal crystal is challenging as the rate of sedimentation `is too fast and does not allow 
time for the colloidal particles to reach the lowest energy configuration and form a 
periodically ordered structure.     
 
Colloidal crystals can be formed from particles < 300 nm by accelerating the sedimentation 
process through the application of an external force, centrifugation 91 and electrophoresis 35 
being two examples of this.  Appropriate centrifugation can reduce the growth period to 
under one hour 91.  However, if the rate of centrifugation is too rapid the quality of the 
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colloidal crystal can be lost.  Johnson et al 91 have reported that highly ordered colloidal 
crystals can be formed by centrifugation of silica spheres of diameter 375 – 480 nm at an 
angular velocity of approximately 4000 rpm.   
 
Electrophoresis can be used both to accelerate and slow the rate of sedimentation 35.  In 
electrophoresis a cell is created and a controlled current passed across a volume of 
colloidal spheres.  Both silica and polystyrene spheres carry a slight negative charge and 
hence become attracted to the anode of the cell.  Electrophoresis has been reported to 
improve the order within colloidal crystals when slowing the rate of sedimentation.  
However, initially only poorly ordered colloidal crystal have been formed when using it to 
accelerate sedimentation 35.  Rogach et al 92 demonstrated the evolution of oxygen during 
electrolysis was reducing the ordering of the colloidal crystal and thus use of a polar but 
non-electroactive dispersion medium improved crystal quality and allowed rapid creation 
of colloidal crystals 92.    
 
Sedimentation offers a simple and convenient route to the formation of three-dimensional 
colloidal crystal and was a logical progression from the natural formation of opal.  
However, the technique suffers from many disadvantages; samples formed typically have 
polycrystalline areas and there is little control over the number of layers deposited or the 
topography of the surface 33.  Centrifugation and electrophoresis do offer greater control 
but also add a further level of complication. 
 
4.1.2 Langmuir-Blodgett 
In the Langmuir-Blodgett method, monolayers of colloidal particles are formed on the 
surface of a suspension.  These monolayers are then deposited onto a substrate as it is 
withdrawn from the suspension.  Using this technique Bardosova et al 93 have 
demonstrated that colloidal crystals of up to 30 layers can be formed.  In order to achieve 
this thickness the surface of the silica spheres had to be modified to make them more 
hydrophilic.  It was also found to be crucial that the spheres were mono-disperse with great 
effort taken to remove any larger spheres through the repeated use of a centrifuge.  
Reducing the dispersity was found crucial to the formation of colloidal monolayers with 
mechanical strength to be picked up by the substrate from the suspension 93.  Although this 
approach offers the benefit of careful control of crystal thickness it is currently limited by 
the areas over which it can be carried out (1 – 2 cm) and restricted to a maximum number 
of layers.   
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4.1.3 Spin Coating 
Spin coating can be thought of as a self-assembly method as it relies on the inter-particle 
capillary forces to create order following deposition of colloidal solution.  The main 
advantage of spin-coating is the high rate of deposition which allows rapid formation of 
large-area colloidal crystals.  For example, areas of several centimetres can be fabricated in 
a matter of minutes by spin coating; covering a comparable area using competing 
techniques generally takes days 94.  However, initial attempts to create colloidal crystals by 
spin coating were hindered by the presence of a high concentration of defects 13.   
 
Jiang et al 95 reported that the use of pyramidal edge pits in conjunction with spin coating 
can reduce the number of defects and allow increased spin speeds in the creation of 
multilayered samples.  This combines centrifugation and spin coating to allow the 
fabrication of 3-D multilayer colloidal crystals with a tapered thickness.  Using this 
technique Jiang et al have reported the rapid fabrication of uninterrupted (2 x 3) cm 
areas/domains of periodic, ordered colloidal arrays.  The main limitation of this method is 
the time consuming substrate preparation prior to colloidal deposition. 
 
Mihi et al 94 recently reported the formation of good quality colloidal crystals on flat 
substrates.  By careful control of the evaporation rate following coating, not only have 
highly ordered multilayer colloidal crystal been formed rapidly over large-areas, but 
colloidal crystals of controlled symmetries have also been reported 94.  Many of the lessons 
learned from the creation of colloidal arrays by spin coating may be applied to increase the 
rate at which colloidal crystals can be fabricated using alternate self-assembly approaches 
such as the vertical deposition method.  Specifically the evaporation of the solvent within 
the colloidal crystal may be controlled using a similar solvent mixing technique to that 
applied by Miguez and co-workers94.   
  
4.1.4 Vertical Deposition  
Although numerous methods have been identified for the fabrication of close packed 
colloidal arrays the technique of vertical deposition has been accepted by many as a 
convenient and low cost method for the preparation of large well-ordered colloidal crystals 
(see for example 33,36,37,39,96).   
 
The vertical deposition technique is based on the work of Nagayama and co-workers who 
demonstrated the use of capillary forces to drive the assembly of colloidal spheres 97.  The 
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creation of ordered monolayers of colloidal spheres using capillary forces was first 
demonstrated on horizontal substrates 22 before the technique was refined to carry out 
deposition on vertical substrates withdrawn from a colloidal solution 97.  Although the 
vertical deposition approach is conceptually similar to the Langmuir-Blodgett technique, 
the principal difference is that assembly occurs at the meniscus as the substrate is 
withdrawn; whereas Langmuir-Blodgett deposition requires the prior assembly of the 
colloidal crystal.  Using vertical deposition Dimitrov and Nagayama 97 were able to create 
highly ordered colloidal crystal monolayers on a range of vertical substrates.  Such 2-D 
arrays have commercial applications in optical micro-lenses in image processing and as 
physical masks in the fabrication of nano-structures 13.   
 
In an attempt to understand the 2-D crystallisation Nagayama and co-workers derived 
potential mechanisms from the study of droplets of colloidal solutions evaporated on 
horizontal substrates 21,98,99.  The 2-D crystallisation mechanism proposed by Nagayama 
and co-workers is shown schematically in Figure 4-1.   
 
Figure 4-1  A schematic demonstrating the two stages of crystal growth: 1) crystal formation due to 
capillary forces; 2) convective flow-induced crystal growth due to solvent evaporation.    
 
 A two stage mechanism was proposed to explain the 2-D crystallisation based on 
observations made using optical microscopy to monitor the assembly of colloidal spheres 
drying on a horizontal substrate 99,100.  The first stage, nucleus formation, is governed by 
attractive capillary forces between particles as the liquid depth becomes equal to the 
particle diameter.  The second, crystal growth, occurs due to the convective particle flux 
towards the receding meniscus during solvent evaporation.  When a droplet of colloidal 
solution evaporates a critical stage is reached when solvent depth becomes less than the 
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diameter of the colloidal particle.  The particles assemble around a nucleus of pinned 
spheres which extend beyond the solvent surface.  The evaporating solvent induces a flux 
of particles into the nucleated area resulting in crystal growth 34.  By carefully controlling 
growth conditions a 3-D array can be created on a horizontal substrate.  However, this 
approach has only been use to successfully create small domains of variable quality.  An 
improvement in quality was achieved by changing the substrate geometry to nearly 
vertical 36. 
 
Colvin and co-workers 36 further refined the technique of vertical deposition by using 
solvent evaporation to drive the flow of the meniscus; thus creating multilayer colloidal 
crystals of controllable thickness, Figure 4-2.  An optimised version of this protocol, 
evaporative vertical deposition (EVD) is used in this project and is described in detail in 
section 4.3 36,37.   
 
 
Figure 4-2  Schematic illustration of the vertical deposition method. 
   
During vertical deposition the meniscus of colloidal solution is drawn across a substrate 
depositing a colloidal array.  The progression of the meniscus can be driven either by the 
mechanical withdrawal of the substrate from the colloidal solution, or, as in the case of this 
project the controlled evaporation of the solvent; both techniques rely on the same 
principles and have similar linear growth rates (0.1 – 0.4 μm/s).   
 
Although vertical deposition has been extensively utilised to create thin film colloidal 
crystals, the mechanism for initialising colloidal crystal growth is not fully understood. The 
general consensus is that a mechanism similar to that proposed by Nagayama and 
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co-workers to explain 2-D crystallisation on a horizontal substrate plays a role.  The 
evaporation of solvent from the meniscus region induces a flux of colloidal particles to the 
growth front.  Once a dense slurry of particles forms at the growth front, inter-particle 
capillary forces assemble them into a close-packed colloidal crystal.  It appears likely that 
this mechanism dominates during vertical deposition at low volume fractions.  However, 
this mechanism can only explain the formation of colloidal crystals of limited thickness as 
ordering occurs in the top layer when solvent depth approaches that of the particle 
diameter.   
 
A complimentary mechanism has been proposed by Fustin et al 11 to explain the formation 
of thick multilayer colloidal crystals.  In the ‘filter and funnel model’ colloidal particles 
aggregate in solution and become partially ordered prior to their arrival at the growth front.  
This prior ordering is caused by the concentration gradient induced by the flux of particles 
towards the growth front.  It is likely that both mechanisms contribute to the formation of 
thick colloidal crystal with the dominant one being dependant on the deposition condition.  
For example, carrying out vertical deposition using a high volume fraction on wetting 
substrates would lead to the domination of the filter and funnel model with a thick 
colloidal crystal formed.     
 
Although the initial stages of the mechanism are still not fully understood, insights have 
been gained into the mechanism for the growth of the colloidal crystal and in particular 
why the face centre cubic (fcc) structure is formed over the only slightly less energetically 
favourable hexagonal close packed structure (hcp).  Norris and co-workers proposed that 
solvent flow through the pore spaces/interstitial sites was the driving force behind the 
strong tendency towards the fcc structure 34.  Two types of interstitial site exist on the top 
layer of an fcc structure; these can be described as clear and obstructed niche as shown in 
Figure 4-3.  
 
Figure 4-3 View of the (111) orientation of hexagonal fcc packed spheres.  This view leads to the 
creation of two types of niche; clear and obstructed 101. 
71 
 
Using 3-D computational modelling to examine the flow through a fcc porous network 
Gasperino et al 101 showed that there is an increased flow ( > 20 %) through open 
interstitial sites for porous structures formed from small particles which experience almost 
no inertia, i.e. have a low Reynolds number ~ 10-4.  This increased flow drives the 
formation of an fcc structure over hcp or random hcp structures.  
 
Although further study is needed to fully understand the initial stages of colloidal crystal 
formation, empirically derived deposition conditions make vertical deposition a powerful 
technique.  The EVD approach offers many advantages over alternate self-assembly 
techniques as it is relatively cheap, and does not require sophisticated apparatus.  In 
addition high quality films of controlled thickness can be formed.  However, the 
fabrication of a perfect colloidal crystal using a self-assembly technique is an immense 
challenge and appears unlikely as the films formed exhibit a high number of structural 
defects e.g. stacking faults, dislocations and vacancies 39.   
 
4.2 Variables Associated With Evaporative Vertical Deposition 
While EVD technique is commonly used for the fabrication of thin film colloidal 
crystals 36,102 the exact experimental conditions used during deposition are rarely 
published.  Until the studies by Kuai et al 96 and McLachlan et al 37 the factors influencing 
colloidal deposition and the optimum deposition parameters had not been systematically 
investigated.  However, even the results and the measures of film quality reported by these 
studies are not consistent.  From the literature it is clear that the most important variables 
during EVD are temperature, relative humidity (R.H.), sphere diameter, colloidal 
concentration and substrate surface.  The following section will explain the affect of these 
key parameters which must be considered when using the EVD method.   
 
4.2.1 Temperature 
Temperature is a fundamental parameter as it influences the solvent evaporation rate, R.H. 
and the kinetic energy of the spheres.  Initial experiments using EVD were carried out 
close to room temperature (21 – 23 ºC) using ethanol as a solvent.  The rapid evaporation 
rate of ethanol was required to compete with the gravity sedimentation of the colloidal 
particles.  For the fabrication of thick multilayer colloidal crystals water is a preferable 
solvent because in aqueous solutions of the same colloidal concentrations thicker colloidal 
crystal are formed 36.  This occurs because water has a higher surface tension than ethanol, 
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leading to increased capillary rise, and thus an increased area over which colloidal 
self-assembly can occur.  To use water as a solvent the temperature has to be raised to 
increase the rate of evaporation.     
 
Choosing the temperature at which to carry out EVD is a compromise; at too low a 
temperature, aggregation and sedimentation reduce colloidal crystal quality; at too high a 
temperature the films are prone to cracking as they dry.  However, elevated growth 
temperatures reduce the number of packing defects as the colloidal particles have more 
kinetic energy to explore potential lattice sites. Temperatures between 55 – 65 ºC have 
been reported to result in the formation of high quality colloidal crystals when using water 
as the solvent 37,39,96. 
 
Temperature stability is also very important during EVD as variation causes the 
introduction of defects to the colloidal crystal.  In extreme cases temperature fluctuations 
can cause horizontal stripes by large thickness variations parallel to the growth front, 
visible to the naked eye 49.  Control of temperature variation of ± 0.2 ºC has been reported 
to be acceptable for the production of  uniform colloidal crystal 37. 
   
4.2.2 Relative Humidity 
R.H. is the ratio of the actual partial vapour pressure of water to the saturation vapour 
pressure at that temperature.  R.H. is an important factor during EVD as it influences the 
rate of evaporation; i.e. a high R.H. reduces the rate of evaporation for a given temperature, 
similarly a low R.H. increases the rate of evaporation.  There is some contradiction in the 
literature with regard to the optimum R.H. for the formation of high quality colloidal 
crystals.   Kuai et al 96 report that a R.H. of approximately 70 % yields the best crystalline 
quality, whereas McLachlan et al 37 report a value of 10 – 20 % was optimum.  This 
discrepancy may arise as Kuai et al did not describe how the R.H. was defined or 
measured.  The location of the probe could lead to large variation between measurements 
as it is likely that differences occur between the background incubator R.H. and the local 
R.H. at the growth front.     
 
It can be hypothesised that higher R.H. would allow the kinetically favourable high 
temperature growth conditions with reduced cracking due to the slower solvent 
evaporation rate 73. 
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4.2.3 Colloidal Concentration 
The terms colloidal concentration and volume fraction are often used interchangeably 
within the literature.  While this is not strictly correct it is a valid approximation when 
using polystyrene particles as their density is very close to that of water 
(ρpolystyrene = 1.008 g/cm3 : ρwater = 1 g/cm3).  Colloidal concentration is one of the simplest 
parameters to control and as a quantifiable value is assigned comparisons can be made with 
the published literature.  General agreement is found in the literature with colloidal 
concentrations from 0.01 – 4 % commonly reported depending on the desired thickness of 
the colloidal crystal 2,36,96.   
 
As colloidal concentration increases the thickness of the thin film formed by EVD 
increases 2,36,96.  Based on the work of Dimitrov and Nagayama 97, Colvin and 
co-workers 36 derived a theoretical relationship between film thickness and colloidal 
concentration, Equation 4-1. 
)1(605.0 φ
φβ
−= d
Lk                                                          Equation 4-1    
  
where k is the number of layers (or thickness), β is the ratio between the velocity of a 
particle in solution and the fluid velocity, L is the meniscus height, φ is the colloidal 
concentration and d is the particle diameter.   Equation 4-1 predicts a linear relationship 
between colloidal concentration and crystal thickness.  Evidence for this relationship is 
found experimentally for colloidal concentrations in the range 0.1 – 3 % 36,103.  However, at 
concentrations exceeding 4 - 5 % the film quality is degraded and adhesion to the substrate 
is reduced, this is illustrated by colloidal crystals becoming delaminated from the 
substrate37.   
 
As the deposition rate of colloidal particles and evaporation rate of the solvent are not 
necessarily identical, a concentration gradient can exist during EVD 33.  The mechanical 
lifting of the substrate from solution offers an alternate route to avoid this problem 
allowing deposition without dependence on the rate of solvent evaporation 33.  The 
mechanical lifting method is analogous to the EVD process changing only the force 
driving the meniscus across the substrate.  Using this method, well ordered colloidal 
crystal from 1- 150 layers in thickness have been created 11,33.  However, despite the 
existence of a concentration gradient, films formed by EVD have been found to be 
uniform 37,96 suggesting that the change in colloidal concentration is negligible during the 
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deposition period.   Colloidal concentrations between 0.004 and 0.2 vol% have been 
examined during this project with specific volume fractions chosen to alter the thickness of 
the colloidal crystal deposited.   
 
4.2.4 Sphere Diameter  
The diameter and deviation in diameter of colloidal spheres are important variables in the 
formation of colloidal crystals by EVD.   Sphere diameter affects film thickness in a 
systematic way – for the same volume fraction a solution of smaller spheres produces a 
film of more layers than a solution of larger spheres 36,  Equation 4-1.  In this study the aim 
was the creation of a colloidal array with a stop-band in the visible region: Therefore 
polystyrene spheres from 192 – 460 nm were used.  The diameter of colloidal particles also 
influences the stability of the colloidal solution with an increased effect of gravity 
sedimentation with larger particles.  The diameter of colloidal particles used within this 
study was not large enough for this to be a major consideration.   
 
The importance of a low polydispersity in the formation of colloidal crystals is well 
documented, with a minimal deviation in sphere size desirable in any system where close 
packing is required.  Early publications suggested a standard deviation < 8 % was 
acceptable, but more recent studies suggest a standard deviation of < 4 % is 
required 37,39,62.  The polystyrene spheres used during this study typically had a standard a 
deviation < 3%. 
 
 
4.3 Experimental Procedures 
Colloidal deposition during this project was carried out exclusively using EVD.  The 
evaporation of colloidal solution was controlled using a temperature stable incubator 
(± 0.2 ºC) which was allowed to reach thermal equilibrium over a period of at least 
24 hours prior to thin film growth.  The incubator was positioned on a vibration isolated 
bench and away from any source of draughts or moving air.   
 
The experiments discussed in this chapter covered the temperature range 55 - 65 ºC with 
the incubator R.H. between 10 – 30 % regardless of temperature.  The conditions in the 
incubator during EVD were monitored using a data-logger (Dickonsonware TM 125) and a 
typical plot shown in Figure 4-4. 
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Figure 4-4  Profile of temperature and relative humidity during a typical deposition period 
 
When the samples are first introduced to the incubator there is a fall in temperature of 
approximately 6 ºC.  The temperature returns to the preset value within the first 90 minutes 
of the growth period.  R.H. rises during the initial deposition phase due to evaporation of 
the solvent. During the growth period the R.H. gradually falls due to the solvent loss from 
the imperfectly enclosed system.  No attempt has been made to control R.H. during this 
project as previous work had shown this level of variation not to effect the formation of 
highly-ordered colloidal crystals 49,73. 
 
Initial experiments used glass substrates which were cleaned prior to EVD to remove 
surface contaminants.  Glass slides of approximately 60 × 10 mm were cleaned by 
sequential sonication in opticlear®, acetone, methanol and de-ionized water each for 
10 minutes.  Prior to deposition the slides were blown dry.   
 
Colloidal suspensions were placed in an ultrasonic bath for 15 minutes to disperse any 
aggregates.  Once a colloidal solution had been diluted to the required volume fraction it 
was placed in the ultrasonic bath for a further 15 minutes.   The colloidal solution was then 
divided into cylindrical vials (75 × 25 mm), with 10 ml deposited into each, placed in the 
ultrasonic bath for a further 15 minutes. The substrates were then placed in the cylindrical 
vials at an angle of approximately 70º.  Colloidal concentrations from 0.004 – 0.2 % have 
been investigated during this project.  Deposition was carried out over a 48 hour period 
creating a colloidal crystal approximately 5 × 1 cm in area.  
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4.4 Characterisation of Thin Films Formed by Evaporative 
Vertical Deposition 
Following EVD the thin film colloidal crystals formed were characterised extensively by a 
number of complementary techniques in order to assess their micro and macroscopic 
structure and properties.   
 
4.4.1 Optical Microscopy 
The thin film colloidal crystals formed by EVD were characterised in the first instance 
using an optical microscope equipped with a CCD camera.  A typical example of an optical 
image is shown in Figure 4-5. 
 
 
Figure 4-5 Optical image of a thin film colloidal crystal fabricated from 248 nm polystyrene spheres 
taken under white light   
 
The observation of colour in optical images of colloidal crystals is a direct indication of the 
presence of a photonic stop band within the colloidal crystal, and thus evidence of a high 
degree of 3-D periodicity within the structure, Figure 4-5.  Cracks are also clearly evident 
in the optical image in Figure 4-5.  The observation of these cracks by optical microscopy 
demonstrates that they are present following EVD and are not an artefact of exposure to 
high vacuum during SEM analysis.   
 
4.4.2 Reflectance Spectroscopy 
The optical properties of the colloidal crystals were characterised using reflectance and 
transmission spectroscopy.  As there is no significant absorption in the wavelength range 
370 – 1400 nm results obtained by these techniques can be considered equivalent  74.  
However, at wavelengths greater than the stop-band the intensity of transmitted light is 
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reduced due to diffuse scattering which can alter the position and width of the stop-band 60.  
In addition, as the angle of incidence is increased the intensity of the Bragg dip in 
transmission is reduced, whereas a reflection peak can still clearly be resolved 75.  
However, transmission spectroscopy does have the advantage that measurements can be 
carried out at normal incidence.  Therefore the two techniques are considered 
complimentary and should be used in conjunction to acquire maximum information from a 
sample.  A comparison of angular resolved reflectance and transmission spectroscopy data 
was shown in Chapter 2, Figure 2-11.  An example of angular resolved reflectance 
spectroscopy from a thin film colloidal crystal composed of 250 nm polystyrene spheres is 
shown in Figure 4-6.  
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Figure 4-6  Optical reflectance spectra (10 - 70º) from a colloidal crystal formed from 334 nm 
polystyrene spheres 
 
The reflectance maxima observed during optical spectroscopy correspond to the position of 
the photonic stop band.  As discussed in Chapter 1 a plot of the stop-band position against 
the angle of incidence should produce a straight line with a gradient proportional to the 
effective sphere diameter and the y-intercept related to the effective refractive index, neff.  
Comparison of the calculated effective sphere diameter with the sphere diameter measured 
by TEM can be used as a guide to the quality of the colloidal crystal grown.  Similarly the 
calculated refractive index can be compared to the theoretical value and thus a quantitative 
assessment of the order within the colloidal crystal can be made. 
 
To compare the effective sphere diameter and refractive index with TEM measurements 
and theoretical values, angular resolved reflectance spectroscopy was carried out on a 
number of thin films grown with a range of sphere diameters (192 – 460 nm).  For each 
70° 60° 50° 40° 30° 20° 10°
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sphere size two samples were fabricated and within each sample two areas were 
characterised and the effective sphere diameter, d, and refractive index, neff, calculated.  
Figure 4-7 shows a plot of stop-band position against the angle of incidence for each 
sphere size.   
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Figure 4-7  Linear plots obtained by analysis of the position of the reflectance peaks.  The plots are 
referenced according to their sphere diameter (nm) as measured by TEM 
  
The data presented for each colloidal crystal was analysed as described in chapter 2 and the 
results for d and neff are presented in Table 4-1. 
 
 
Table 4-1  Comparison of the TEM measured sphere size, the calculated effective sphere diameter and 
the effective refractive index calculated from angular resolved reflectance spectroscopy data.  
 
The data in Table 4-1 demonstrates that there is a good correlation between the diameter of 
the colloidal spheres obtained by TEM measurement and calculated from reflectance 
spectroscopy data.  The TEM sphere diameter is gained by the measurement of a 
representative sample of colloidal particles with approximately 200 spheres assessed.  
During the optical measurements an area of approximately 0.28 mm2 is sampled allowing 
TEM reflectance spectroscopy 
 diameter (nm) effective diameter (nm) neff  
456 ± 9 459 ± 7 1.41 ± 0.02 
405 ± 10 396 ± 6 1.46± 0.02 
334 ± 5 341 ± 5 1.43 ± 0.02 
248 ± 3 245 ± 4 1.48 ± 0.02 
200 ± 4 199 ± 3 1.56 ± 0.02 
192 ± 5 190 ± 3 1.54 ± 0.02 
192 
200 
248 
334 405 456
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the measurement of sphere size to be averaged over many thousands of spheres.  The error 
presented in Table 4-1 is calculated as shown in Chapter 2. 
 
The expected value of neff is 1.44, as calculated in Chapter 1 from the value for bulk 
polystyrene being 1.59 49,104.  The results presented in Table 4-1 show that the calculated 
effective refractive index varies from 1.41 – 1.56 for the range of sphere sizes investigated.  
The observed variation in neff is similar to discrepancies observed within the literature 37.  
Three possible reasons have been suggested for this variation from the predicted refractive 
index.  First, the refractive index of polystyrene spheres could vary from bulk polystyrene.  
However, there are no reports within in the literature that would support this hypothesis 
and commercial manufacturers of polystyrene spheres report the refractive index to be the 
same as the bulk 104,105.  Second, the filling fraction of the polystyrene spheres could be 
greater than the 74 % of a close packed structure.     For this to occur the spheres would 
have to deform to increase contact.  However, this appears unlikely as the colloidal crystals 
are formed at temperatures well below the glass transition temperature for polystyrene 
(Tg ~ 105 ºC).  The third hypothesis involves the variation of the refractive index of 
polystyrene with wavelength.  Figure 4-8 shows the variation in refractive index of bulk 
polystyrene with wavelength using the parameters described by Ma et al 74. 
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Figure 4-8  Variation in the refractive index of polystyrene in the wavelength region 400 - 1100 nm as 
calculated using the parameters described by Ma et al 74  
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This third explanation may account for the variation between theoretical and experimental 
effective refractive index values supporting the trend observed in Table 4-1 that as 
stop-band position shifts to longer wavelengths, the calculated neff decreases. 
 
 
 
4.4.3 Scanning Electron Microscopy 
Optical microscopy and spectroscopy are non-destructive techniques which require 
minimal substrate preparation.  However, both techniques use visible light and hence do 
not have the required resolution to resolve individual colloidal particles.  Scanning electron 
microscopy (SEM) was used routinely during this project to characterise the microstructure 
of the colloidal crystals formed.  Figure 4-9 shows typical SEM images of a bulk colloidal 
crystal.   
 
 
Figure 4-9  SEM images of a colloidal crystal on a glass substrate 
 
The presence of cracks can clearly be observed in the SEM images shown in Figure 4-9.   
A number of theories have been proposed to explain the formation of these cracks, the 
most probable being drying-induced tension 37,48 or the shrinkage of the polystyrene 
spheres during the drying process 33,37.  The matching profile of the colloidal crystal either 
side of the crack strongly suggests that the cracking occurred following ordering.  The 
cracks are most commonly found aligned perpendicular to the meniscus/growth front and 
occur along the close packed <110> directions 37.   The colloidal crystals discussed in this 
chapter had a typical crack spacing of 50 – 150 μm.  The space between cracks was 
generally constant for a given set of conditions but varied with substrate, volume fraction 
and deposition temperature.   
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If these cracks do form to alleviate capillary strain during drying it may be possible to 
eliminate their formation by fabricating well defined colloidal crystals of smaller 
dimensions than the standard crack width.  This is discussed in more detail in chapter 5. 
 
Higher magnification SEM characterisation of the sample allows the 2-D order to be 
assessed.  Figure 4-10, an SEM image of a typical colloidal crystal formed on a glass 
substrate by EVD, shows it to be well ordered. 
 
 
 
 
  
 
 
 
 
Figure 4-10 SEM image demonstrating the close packing of polystyrene spheres 
   
SEM characterisation of the colloidal crystal surface shows the spheres to be arranged in a 
close-packed array.  Extending this array into 3-D the spheres could be arranged in either a 
face-centred cubic, fcc (ABCABC…), hexagonal close-packed, hcp (ABABAB…) or 
randomly stacked.  In each case every sphere is touching six others in the same layer.  
SEM images alone cannot be used to conclusively distinguish between these arrangements 
due to difficulty in determining the angle of the cross-sectional view 36.  Calculations 
conducted by Woodcock 41 demonstrated that the fcc arrangement is energetically slightly 
more favourable for solid spheres than the alternates.    Using fluorescence microscopy Gu 
et al 33 demonstrated that the spheres adopt the fcc structure.  Thin film colloidal crystals 
can be cleaved to allow characterisation of their 3-D order by cross-sectional SEM.  
Cross-sectional SEM images confirm that a <111> direction is perpendicular to the sample 
normal and that the close packing extends through all the film, Figure 4-11. 
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Figure 4-11  SEM image of a cleaved colloidal crystal sample 
 
Further information can be gained from SEM images using the calculation of fast Fourier 
Transforms (FFT) to examine both local and long range periodicity within the sample 37.   
FFTs are 2-D spatial frequency diagrams which can be considered to represent a surface 
diffraction pattern.  When indexed a FFT can be used to determine the crystallographic 
orientation of the colloidal crystal 37.  Clear patterns with high order spots demonstrate 
good periodicity in the sample, Figure 4-12.  As order decreases within the sample the FFT 
becomes blurred and in a sample exhibiting poor periodicity a concentric ring pattern 
rather than a series of spots is observed.   
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Figure 4-12  FFT analysis of a colloidal crystal.  (a) SEM image of a colloidal crystal. (b) FFT 
corresponding to the SEM image in (a). (c) schematic illustration of the indexed FFT pattern.  
 
The calculated FFTs show bright spots corresponding to a high degree of periodicity.  The 
angle between the centre point, 000 and two adjacent spots is found to be 60º, as shown in 
Figure 4-12(d), indicating that the <111> direction is parallel to the sample normal.   The 
local angular rotation and the long range order of the directed colloidal array can be probed 
by monitoring the angular rotation of the spots.  It has been reported that over the entire 
length of a sample, > 40 mm, the rotation of the <220> spot relative to the surface normal 
can be less than 5% 37.  The minimal change in angular rotation across the sample proves 
the crystallographic orientation is preserved regardless of the presence of cracks 106.  This 
supports the hypothesis that the cracks form during drying of the colloidal crystal 
following the ordering process, in agreement with the work of Koh and Wong 107.   
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4.5 Thin Film Deposition on a Range of Functional Substrates 
For many of the applications proposed for colloidal crystals it is of interest to create them 
supported on functional substrates. During this study three types of substrate have been 
investigated; electrically conducting, surface functionalised and flexible substrates. 
 
Electrically conducting substrates are of interest as they provide a contact on the base of 
the colloidal crystal and thus address one of the challenges in the move towards devices 6.  
During this project gold and indium tin oxide (ITO) coated substrates have been examined.  
Following studies on gold substrates it became clear that altering the substrate had effected 
colloidal crystal formation during EVD.  Therefore, alkanethiol functionalised gold 
substrates were used to probe the effect of substrate surface chemistry and the EVD 
protocol.   
 
Flexible substrates are attractive for many reasons.  First, they may allow the vertical 
deposition process to be scaled up, potentially using mechanical withdrawal during 
roll-to-roll type printing and thus reducing the cost of fabrication.  Second, the use of 
flexible substrates would be advantageous in many of the proposed applications, reducing 
the weight of devices while increasing the areas in which colloidal crystals could be 
applied.  Possible applications include; large-area, low-energy reflective displays, panel 
displays chemical sensing and low cost photovoltaic devices, all of which would benefit 
from the formation of colloidal crystals of flexible rather than rigid and brittle substrates.  
In this section the formation of uniform bulk colloidal crystals on flexible silica coated 
polyethylene terephthalate (PET) and the electrically conducting and flexible ITO coated 
PET are demonstrated.    
 
 
4.5.1 Gold Substrates 
Changing the substrate used during EVD has an effect on colloidal crystal formation. It 
was observed that the conditions used to deposit uniform colloidal crystals on glass 
substrates did not necessarily yield uniform colloidal crystals on alternative substrates such 
as gold.   The following section details experiments designed to understand the differences 
in colloidal crystal formation between glass and gold substrates and determine conditions 
under which a uniform colloidal crystal can be formed on gold, during these experiments 
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the volume fraction of colloidal solution used during EVD was varied to alter the thickness 
of the colloidal crystal deposited.  
 
4.5.1.1 Substrate Preparation 
Gold substrates were fabricated on the day of use using an Emitech 575x high resolution 
sputter coater.  Glass slides (50 × 5 mm) were cleaned by sequential sonication in 
opticlear®, acetone, methanol and de-ionised water each for 10 minutes.  The slides were 
blown dry prior to coating.  Gold was deposited at 65 mA for 2 minutes onto the clean 
glass surface giving a coating of approximately 40 nm.   As a comparison control samples 
were deposited onto glass slides cleaned using the sequential solvent sonication protocol 
described in section 4.3.  
 
4.5.1.2 Results and Analysis     
Polystyrene spheres of three diameters (192, 200, 334 nm) were each used at three 
different volume fractions (0.004, 0.1, 0.15 vol%) to deposit colloidal crystals of varying 
thickness.  Deposition at each volume fraction was carried out simultaneously under the 
same deposition conditions for the three sphere sizes on both glass and gold coated 
substrates.   
 
At a volume fraction of 0.1 vol% highly ordered colloidal crystals were formed on both 
gold and glass substrates, Figure 4-13. 
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z  
Figure 4-13  Optical and scanning electron microscopy characterisation of colloidal crystals deposited 
by evaporative vertical deposition using 200 nm diameter spheres at a volume fraction of 0.1 vol% on 
glass (a - d)  and gold (e - h) substrates.  
 
No difference in film quality could be observed between the colloidal crystals formed on 
the glass and gold substrates by optical and electron microscopy characterisation for 
colloidal crystals deposited at 0.1 vol%. SEM analysis suggested a well ordered 3-DOM 
material was formed on both substrates with similar sized domains of closely packed 
polystyrene spheres between the cracks (crack spacing 50 μm), as shown in Figure 
4-13(b-d and f-h).  White light interferometry (WLI) showed the colloidal crystals on gold 
and glass substrates to be of comparable thickness, approximately 30 layers of polystyrene 
particles.  The quality of colloidal crystals produced was further investigated by reflectance 
spectroscopy, Figure 4-14. 
 
200 μm 200 μm 
50 μm 50 μm 
5 μm 5 μm 
0.2 mm 0.2 mm 
a b 
c 
d 
e f 
g 
h 
Glass substrate           Gold coated substrate 
87 
0
0.5
1
1.5
2
550 600 650 700 750 800 850 900
wavelength (nm)
in
te
ns
ity
 (a
.u
.)
 
 
Figure 4-14  Angular resolved optical reflectance spectra (10 - 70º) gathered from colloidal crystals 
formed on glass and gold substrates by evaporative vertical deposition of 334 nm polystyrene spheres 
at 0.1 vol%.  The glass spectra have been vertically offset to aid visualisation. 
 
The similarities in shape and position of optical spectra indicates that colloidal crystals 
deposited on glass and gold substrates the samples are of a similar periodicity and packing 
quality, Figure 4-14.  By comparing the d and neff calculated from reflectance spectroscopy 
data with measured and theoretical values an indication of colloidal crystal quality can be 
gained, Table 4-2. 
 
Substrate Glass Gold 
neff 1.46 ± 0.02 1.47 ± 0.02 
d (nm) 337 ± 5 332 ± 5 
Table 4-2  The effect of substrate on refractive index, neff, and effective sphere diameter, d 
 
The close correlation between the calculated effective refractive indexes for the colloidal 
crystal fabricated on glass and gold demonstrates that similar structures were formed on 
each substrate.  The proximity of the calculated refractive index and the theoretical value, 
of 1.44, indicates that the structures are close to those predicted.  The effective sphere sizes 
presented in Table 4-2 are very close not only to each other but also to the TEM sizing of 
the polystyrene spheres, 334 ± 5 nm.  The small difference in effective sphere size between 
the samples on gold and glass substrates are well within experimental error of the optical 
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measurements.   The close correlation between the effective sphere size and the TEM 
sizing suggest that good quality colloidal crystals have been deposited on both glass and 
gold coated substrates.  
 
Differences in colloidal deposition were observed between gold and glass substrates when 
the volume fraction was varied.  EVD using an increased volume fraction, 0.15 vol%, 
produced a uniform highly ordered colloidal crystal on the glass substrate.  However, 
delamination was observed on the gold substrate as shown in Figure 4-15.   
 
 
Figure 4-15 Optical and electron microscopy characterisation of samples grown by vertical deposition 
on glass (a – d) and gold (e – h) substrates using 200 nm diameter spheres at a volume fraction of 
0.15 vol%.   
 
Figure 4-15 shows that well-ordered 3-DOM materials were formed on both the gold and 
glass substrates.  However, the samples formed on the gold substrates were observed to 
delaminate (Figure 4-15(e)), a phenomenon only observed on glass substrates at much 
higher volume fractions 36.  In both cases the colloidal crystals formed were approximately 
50 layers thick, as measured by WLI.  Delamination of the colloidal crystal occurs when 
the interaction between the colloidal particles becomes more favourable than the 
interaction with the substrate.  Figure 4-16 shows a side-view photograph illustrating 
delamination of a colloidal crystal on a gold substrate.   
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Figure 4-16 Photograph illustrating colloidal crystal delamination on a gold substrate 
 
The increased susceptibility of a colloidal crystal to delaminate on gold substrates 
demonstrates that the interaction between the colloidal particles and the gold substrate is 
less favourable their interaction with the glass substrate.  An assessment of the substrate 
surface energy can be made through contact angle measurements and such measurements 
are discussed in section 4.5.2. 
 
Differences were also observed between colloidal crystals deposited on glass and gold 
substrates at low volume fractions.  Experiments were carried out at 0.004 vol%, a volume 
fraction known to form closely linked islands of mono/bi-layer colloidal crystal on glass 
substrates.   However, under the same conditions, on gold coated substrates, stripes of 
densely packed polystyrene spheres perpendicular to the growth front formed leaving areas 
of nothing in between, as shown in Figure 4-17.    
 
Figure 4-17 Optical and secondary electron microscopy characterisation of samples formed by vertical 
deposition on gold and glass substrates using 200 nm diameter spheres at a volume fraction of 
0.004 vol%.   
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During work on the evaporation of colloidal solutions Adachi et al 108 also observed striped 
patterns parallel to the growth front on un-patterned substrates and proposed a stick-slip 
mechanism to explain them.  It is possible that a stick-slip mechanism is also the cause of 
the striping observed on the gold substrate, Figure 4-17(e-h).   A stick-slip mechanism is 
schematically shown in Figure 4-18. 
 
Figure 4-18  A schematic of the stick-slip mechanism.  (a) A ‘pinned’ contact line.  (b) A second 
‘pinned’ contact line following the slip from one pinning site to the next. 
 
During stick-slip the solvent becomes pinned to the substrate as the meniscus recedes, 
when the meniscus becomes un-stuck it slides rapidly across the substrate to the next 
pinning point and the process is repeated 108.  Figure 4-18 shows two sequential pinning 
points of an evaporating colloidal solution.  Classically, a stick-slip mechanism occurs 
when the advancing and receding contact angles of the substrate are not matched 77.  In the 
case of EVD, only the receding contact angle is present, however stick-slip behaviour can 
also be induced by contaminants, surface roughness and by the wettability of the substrate 
surface.  
 
Atomic force microscopy measurements have shown the gold surface to be of a 
comparable roughness to the glass, with a root mean square roughness of approximately 
20 nm.  It appears unlikely that the substrate has become contaminated as colloidal 
deposition is carried out immediately following gold coating which is done under high 
vacuum using a high purity gold target (Emitech).  Further work using alkanethiol 
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functionalised substrates to examine the effect of substrate wettability on colloidal self-
-assembly is presented in section 4.5.2. 
 
It has been demonstrated that well ordered 3-DOM materials of comparable quality to 
those formed on glass can be also be formed on un-modified gold substrates.  However, 
deposition on gold coated substrates has been shown to be more susceptible to changes in 
volume fraction.     
 
 
4.5.2 Alkanethiol Functionalised Substrates 
It was hypothesised that the volume fraction dependence observed during EVD on gold 
substrates arose due to the wettability difference between the glass and gold surfaces. 
Clean glass substrates are completely wetting, i.e. they have a water static advancing 
contact angle (SACA) of approximately 0º.  In comparison gold substrates are hydrophobic 
with a SACA of 80º.  To further investigate the influence of wettability on the fabrication 
of colloidal crystals by EVD, gold substrates were functionalised with a range of 
alkanethiols of different terminations.  
 
The spontaneous arrangement of alkanethiol molecules on gold surfaces allows the 
creation of a surface of virtually any chemistry on a gold substrate 109.  A typical 
alkanethiol is comprised of three parts, a sulphur binding group which readily attaches to 
noble metals, a spacer chain generally comprised of methylene groups (CH2)n and a 
functional head group 109.  Variation of the functional head group allows control of the 
substrate surface chemistry  110. 
 
During alkanethiol deposition a number of forces drive the formation of a self-assembled 
monolayer (SAM).  First, there is the affinity of the sulphur on the alkanethiol for noble 
metal surfaces.  It has been shown that the gold-sulphur interaction is of the order of 
45 kcal/mol which is of the order of a semi-covalent bond (c.f. C-C bond strength 
~  83 kcal/mol) 111.  Initial bonding of the alkanethiols occurs with the molecules aligned 
parallel to the substrate until they become densely packed and interact with each other.  
Then, van der Waals interactions cause alkanethiol monolayers to tilt in order to minimise 
the surface energy from the hydrophobic methylene spacer groups 110,112.  For a general 
alkanethiol these two interactions lead to the formation of a densely packed monolayer 
with the thiol chains tilted approximately 30° to the normal  111-113.    
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Mercaptoundecanoic acid (MUA) HS(CH2)15CO2H, and undecanethiol, (HS(CH2)10CH3) 
were chosen to modify the gold surface due to their differing wettabilities.  These 
differences were assessed using contact angle measurements and comparisons were drawn 
between the substrate wettability and the colloidal crystal formed by EVD. 
 
  
4.5.2.1 Substrate Preparation 
Gold coated substrates, fabricated as described in section 4.5.1.1,  were functionalised by 
immersion in 10 mMol alkanethiol/ethanol solution for 60 seconds then blown dry prior to 
the EVD process. 
 
4.5.2.2 Results and Analysis 
A measure of the surface energy or ‘wettability’ of a surface can be gained through contact 
angle measurements.  The more hydrophilic, or wetting, a surface the lower the contact 
angle.  The more hydrophobic or dewetting a surface is the higher the contact angle.  
Contact angle measurements for untreated gold and MUA and undecanethiol 
functionalised gold were carried out using a Fibro DAT 1100 and are presented in Table 
4-3. 
 
Substrate Contact angle (degrees) 
untreated gold 80 
MUA functionalised gold 34 
undecanethiol functionalised gold 98 
Table 4-3 Static advancing water contact angle measurements for gold, mercaptoundecanoic acid 
(MUA) and undecanethiol functionalised gold substrates. 
 
As shown in Table 4-3 MUA is more hydrophilic than the un-treated gold substrate and 
undecanethiol more hydrophobic.  EVD was simultaneously carried out under the same 
deposition conditions on glass, unmodified gold and substrates functionalised by MUA and 
undecanethiol, the results are shown in Figure 4-19. 
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Figure 4-19  Photographs following vertical deposition of 192 nm diameter polystyrene spheres 
(0.1 vol%) on a range of substrates: (a) glass; (b) un-modified gold; (c) gold functionalised by 
mercaptoundecanoic acid (MUA); (d) gold functionalised by undecanethiol. 
 
By inspection of the photographs in Figure 4-19, it can be seen that samples grown on 
glass, unmodified gold and gold functionalised by MUA have a uniform polystyrene 
surface coverage following vertical deposition. Substrates modified by exposure to 
undecanethiol showed no evidence of colloidal self-assembly.  
 
Reflectance spectroscopy was carried out on samples deposited on glass, gold, and MUA 
functionalised gold substrates to assess the quality of the colloidal crystals fabricated, 
Figure 4-20.  Too few polystyrene spheres adhered to the undecanethiol functionalised 
substrates to form colloidal crystals from which to gather reflectance spectra. 
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Figure 4-20  Comparison of reflectance spectra at 10 - 70o from 3-DOM materials fabricated by 
vertical deposition of 334 nm spheres (0.1 vol%) on glass, gold and mercaptoundecanoic acid (MUA) 
functionalised gold.  The glass and gold spectra have been vertically offset to aid visualisation. 
 
The reflectance spectra presented in Figure 4-20 qualitatively support the visual inspection 
data, showing that the 3-DOM materials fabricated on glass, un-modified gold and MUA 
were of good quality producing reflectance spectra of similar peak shape and position.  By 
calculating the effective sphere diameter, and neff from reflectance spectroscopy data, a 
quantitative measure of quality can be gained.  
 
 Glass Gold MUA 
neff 1.46 ± 0.02 1.47 ± 0.02 1.48 ± 0.02 
d (nm) 337 ± 5 332 ± 5 333 ± 5 
Table 4-4  The effect of substrate on refractive index, neff, and effective sphere diameter, d. 
 
The close correlation between the measured TEM diameter of 334 ± 5 nm and the effective 
sphere size data, shown in Table 4-4, for samples deposited on glass, gold and MUA 
functionalised gold demonstrates that the samples were well ordered.  The same trend is 
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observed in the effective refractive index data.  Further characterisation was carried out 
using optical and electron microscopy, Figure 4-21. 
 
 
Figure 4-21  Optical and SEM characterisation of samples following vertical deposition of 192 nm 
diameter polystyrene spheres (0.1 vol%) on functionalised gold substrates: (a-d) gold functionalised by 
MUA; (e-h) gold functionalised by undecanethiol. 
 
Optical and electron microscopy showed the colloidal crystal formed on MUA 
functionalised gold to have a well ordered structure as would be expected following 
reflectance spectroscopy measurements, Figure 4-21(a-d).  No evidence for colloidal 
self-assembly was observed on undecanethiol functionalised gold, Figure 4-21(e-h). 
 
Wettability has been shown to influence the deposition of polystyrene spheres during 
EVD.  Highly-ordered colloidal crystals were formed on the hydrophilic MUA 
functionalised substrates, while little adhesion of the polystyrene spheres was observed on 
the hydrophobic undecanethiol functionalised substrates.  The selectivity arises as colloidal 
self-assembly requires a concave ‘wetting’ meniscus to occur and such a meniscus is only 
formed on hydrophilic regions.     
 
As variation in the wettability of the substrate has been shown to inhibit/promote colloidal 
deposition, the creation of a wettability pattern on the substrate surface may be used to 
achieve area specific growth; e.g. patterning a gold surface with MUA would promote the 
formation of a colloidal crystal, while undecanethiol deposition would inhibit it.   Chapters 
5 - 7 discuss attempts to deposit such patterns and their effect on colloidal deposition.  
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4.5.3 Silica-coated Polyetheylene Terephthalate  
Polyethylene terephthalate (PET) is attractive as a potential substrate for colloidal crystals 
as it is cheap, transparent and flexible.  However, colloidal deposition by EVD on 
un-modified PET was not successful due to the hydrophobic nature of the substrate surface 
(SACA 68º).  As discussed in section 4.5.2 a concave wetting meniscus is required to form 
uniform colloidal crystal by EVD.  As shown in section 4.5.2 the substrate surface can be 
modified to alter its wettability, in this section PET has been coated with a layer of silica to 
create a glass like surface to aid colloidal deposition.  This surface is hydrophilic and thus 
encourages colloidal deposition.   
 
4.5.3.1 Substrate Preparation  
Silica-coated PET substrates were fabricated by researchers at Kodak using atomic vapour 
deposition.  A silica layer of a few nm is deposited onto the PET creating a hydrophilic 
surface on the flexible substrate.  Although these substrates are termed flexible, extensive 
bending causes cracking in the silica layer.  However, this nominal flexibility is a 
significant step towards the use of colloidal crystals in devices as to date their formation 
has only been demonstrated on rigid, brittle substrates.  EVD was carried out onto the 
silica functionalised PET using polystyrene particles from 192 – 456 nm in diameter.  
 
4.5.3.2 Results and Analysis 
Uniform colloidal crystals were formed by EVD of the silica functionalised PET, Figure 
4-22. 
 
Figure 4-22  Optical and SEM characterisation following EVD at 0.1 vol% of 456 nm diameter 
polystyrene spheres on silica-coated PET. 
c
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By creating a glass-like surface on the flexible PET substrate, uniform colloidal crystals 
can be formed, Figure 4-22.  SEM images show good 2-D periodicity.  3-D periodicity was 
probed using reflectance spectroscopy.  
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Figure 4-23  Angular resolved reflectance spectroscopy data (10 - 40º) of a colloidal crystal deposited 
on silica-coated PET, 456 nm polystyrene spheres.  
 
Reflectance spectroscopy shows the colloidal crystal possesses a photonic stop band, 
indicating a high level of 3-D ordering within the structure,  Figure 4-23.  By comparison 
of neff and d with sphere diameters measured by TEM and theoretical values of the 
refractive index a quantifiable assessment of colloidal crystal quality can be gained. 
 
 Glass Silica-coated PET predicted value 
neff 1.41 ± 0.01 1.42 ± 0.02 1.44 (theoretical) 
d (nm) 459 ± 7 453 ± 7 456 ± 6 (TEM) 
Table 4-5  The effect of substrate on refractive index, neff, and effective sphere diameter, d 
 
The close correlation between the effective refractive index and the theoretical value of 
1.44 indicates that the three dimensional structure is highly ordered and close to the 
theoretical fcc structures.  This is supported by the proximity between the measured TEM 
diameter of 456 ± 9 nm and the effective sphere size data, Table 4-5.   
 
In summary, highly ordered colloidal crystals equivalent to those formed on glass have 
been fabricated on the flexible silica-coated PET. 
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4.5.4 Indium Tin Oxide Coated Polyetheylene Terephthalate 
Colloidal deposition has been attempted on ITO coated PET.  This substrate is electrically 
conducting, flexible and optically transparent making it ideal for integration into many of 
the proposed applications.   
 
For example, to be utilised in photo-voltaic devices a photo-current must be harvested from 
the structure 6.  One of the challenges in creating these devices is the addition of electrical 
contacts without damaging the properties of the colloidal crystal structure.  Using an 
electrically conducting substrate is an obvious method to simplify this process 6.  In this 
project the colloidal crystals have been deposited on gold and ITO coated substrates.  ITO 
substrates are particularly attractive as they are both transparent and electrically 
conducting, allowing light to pass into a device such as a photo-voltaic and the extraction 
of current generated within the device.  The fabrication of colloidal crystals on electrically 
conducting gold and ITO coated substrates is demonstrated in the following section.  
  
 
4.5.4.1 Substrate Preparation  
ITO coated PET is commercially available.  The sample used within these experiments 
(OCTM50) was purchased from CP films and had a thickness of 75 μm and conductivity of 
50 Ω per square 114.  Like the silica functionalised PET the substrate is nominally flexible 
but bending can induce surface cracking, particularly when bent inwards towards the ITO 
coating.   Colloidal deposition of 456 nm polystyrene spheres was carried out at 0.1 vol%. 
 
4.5.4.2 Results and Analysis 
Colloidal crystals fabricated on the ITO coated PET were characterised using optical and 
electron microscopy which showed them to be highly ordered, Figure 4-24.  
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Figure 4-24  Optical and SEM characterisation following EVD at 0.1 vol% of 456 nm polystyrene 
spheres on an ITO coated PET substrate 
 
The colloidal crystals formed on ITO coated PET cannot be distinguished by microscopy  
from those formed on glass substrates under the same conditions, Figure 4-24 and Figure 
4-13.  Reflectance spectroscopy was used to assess the 3-D order of the colloidal crystal. 
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Figure 4-25  Angular resolved reflectance spectroscopy data (10 – 40 º) of a colloidal crystal deposited 
on ITO coated PET, 456 nm polystyrene spheres. 
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The well defined peaks of the optical reflectance spectra indicate the formation of well 
defined three dimensionally ordered colloidal crystal, Figure 4-25.  This data is further 
analysed in Table 4-6. 
 
 Glass ITO coated PET predicted value 
neff 1.41 ± 0.02 1.44 ± 0.02 1.44 (theoretical) 
d (nm) 459 ± 7 448 ± 7 456 ± 9 (TEM) 
Table 4-6  The effect of substrate on refractive index, neff, and effective sphere diameter, d 
 
The close correlation between the effective refractive index and the theoretical value of 
1.44 indicates that the three dimensional structure is highly ordered and close to the 
theoretical fcc structures.  This is supported by the proximity between the measured TEM 
diameter and the effective sphere size data, Table 4-6.   
 
In summary, highly ordered colloidal crystals equivalent to those formed on glass have 
been fabricated on the conducting and flexible ITO coated PET. 
 
4.6 Conclusions  
Thin film colloidal crystals have successfully been fabricated on a range of functional 
substrates using the quick and convenient method of EVD.  This deposition technique has 
many advantages as it is relatively cheap, simple and does not require sophisticated 
apparatus to fabricate high quality films of controlled thickness.   
 
The influence of substrate wettability has been investigated and the conclusion that the 
higher the surface energy (more wetting) a substrate the more suited it is for use in the 
EVD method.   By careful control of the deposition conditions and substrate wettability 
highly ordered colloidal crystals have been formed on a range of functional substrates 
including: electrically conducting gold and the flexible and electrically conducting  
ITO coated PET.   
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5 Directing Colloidal Self-Assembly  
5.1 Introduction  
Directed colloidal self-assembly has been reported on two distinct length scales. Firstly, 
when the template or pattern has a spacing that has comparable dimensions to individual 
colloidal particles (0.05 - 5µm) 15,16. Secondly, when the spacing in the pattern is 
significantly larger (5 - 450 µm) than the colloidal particles 11,17,18. 
 
Initial attempts to direct colloidal deposition focussed on the first shorter length scale.  
This approach, often referred to as colloidal epitaxy, was first demonstrated by van 
Blaaderen et al 16.  Directing the deposition of colloidal particles on a scale similar to their 
diameter (0.05 - 5 μm) can be used to influence crystal symmetry.  Repetition of the 
pattern can be applied to cover larger areas of up to 800 × 800 μm as shown by Jin et al 15.   
However, the templated substrates require careful preparation generally carried out by 
electron beam lithography which limits the areas over which colloidal growth can be 
patterned.   
 
This thesis focuses on the second length scale, where the feature size is much larger than 
the diameter of the colloidal particles.  Rather than influencing the symmetry of the 
colloidal crystal this approach influences the geometry of the colloidal crystal formed.  
Creating patterned colloidal arrays of this scale are of interest for application in both sensor 
and photonic devices 50.  Patterning colloidal crystals on the micro-scale may also allow 
greater understanding of the mechanisms surrounding colloidal self-assembly.  
 
Currently the maximum uninterrupted area (domain) of colloidal crystal formed by vertical 
deposition is of the order of 100 × 300 µm 37.  These dimensions are restricted by the 
formation of drying cracks along the close-packed <110> directions 37.  A number of 
theories have been proposed to explain the formation of these cracks the most probable 
being drying-induced tension 37,48 or the shrinkage of the polystyrene spheres 33,37.  By 
forming structures of confined dimensions this tension would be reduced and the effect of 
drying cracks may be minimised or eliminated 17.  It is therefore of interest to examine area 
specific deposition of colloidal stripes of 25 – 400 μm. 
 
A number of techniques have been noted in the literature for the direction of colloidal 
growth on this larger scale.  One method of classification is to divide them into groups by 
the force used to direct colloidal deposition.   Chosen driving forces include gravity (via 
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substrate topography), chemical bonding , substrate wettability and electrostatic 
interactions 11,17,51,115.  For each of these driving forces there are numerous methods which 
can be used to deposit the required pattern onto the substrate, with some techniques using a 
combination of the driving forces or patterning methods to achieve selectivity.  The aim of 
this project was to create colloidal arrays over large areas with pattern dimensions in the 
range (25 - 400 μm).  The following section will attempt to outline the most relevant 
methods used to direct colloidal deposition at this scale and discuss their viability for 
patterning large areas. 
 
5.2 Patterning Techniques 
5.2.1 Templated Directed Deposition 
Template directed deposition uses topographically patterned substrates to encourage 
area-specific self-assembly.   Using templated substrates, directed colloidal deposition has 
been reported at length scales similar to the colloidal particle diameter (0.05 – 5 μm) and at 
those much larger than individual colloidal particles (5 - 200 µm) 16,17.   This thesis is 
primarily concerned with the second larger length scale.   
 
Ferand et al 17 demonstrated that highly-ordered colloidal crystal arrays of large pattern 
features (up to 200μm) can be formed using deeply etched silicon substrates (10 μm 
trenches) and the vertical withdrawal deposition method 17.  The selectivity arises as 
colloidal deposition only occurs at the top of the meniscus which, due to the substrate 
topography and capillary action, always lies in the etched trench.  Ferand et al also noted 
that drying cracks were reduced when the featured pattern size was less than the predicted 
domain size 17.  An initial limitation of this approach was the time consuming substrate 
preparation required to etch each substrate prior to growth, making this batch method 
unsuitable for industrial scale up. 
 
Yang et al 4 demonstrated the use of potentially scalable techniques to create surface 
topography patterns; (a) wet etching and (b) micro-moulding inside micro-capillaries 
(MIMIC).  Large areas can be topographically patterned using the demonstrated wet 
etching technique.  Areas of a gold coated silicon wafer were masked by the micro-contact 
printing (μ-CP) of hexadecanethiol, following which the substrate was chemically etched 
leaving a topographically patterned substrate.  The technique of μ-CP is discussed in more 
detail in section 5.2.6.4.  (b) MIMIC patterning creates a topographically patterned 
substrate by contacting a grooved polydimethyl siloxane (PDMS) stamp onto the substrate 
103 
and infiltrating with a polymer precursor, the uptake of which is driven by capillary 
rise 4,14.  Following curing of the infiltrated polymer the PDMS was removed to reveal a 
topographically patterned substrate. 
 
In both examples colloidal crystal arrays were created during vertical deposition as the top 
of the meniscus, where self-assembly occurs, always lies in the channel of the patterned 
substrate 17.  Reference has also been made to the use of substrates patterned in this way 
using spin coating to increase the rate of colloidal deposition 14.  The method of MIMIC 
patterning was further expanded by Yang et al, to create colloidal crystal heterostructures, 
by first infilling the micro-capillaries with colloidal solution and forming a colloidal crystal 
inside the column 4.  Polymer was then infiltrated into the colloidal crystal column and 
cured to form micro-moulded columns which could be used as topographically patterned 
masters during vertical deposition of a second size of colloidal particles 4.  Prior to work 
presented in this project the methods of Yang et al 4 were the most suited to achieving 
directed colloidal deposition of highly-ordered colloidal crystal arrays over large areas. 
 
5.2.2 Chemical Bonding  
The deposition of colloidal particles can be controlled by the surface chemistry of the 
substrate 115.  As demonstrated by Himmelhaus and Takei 115, this can occur through the 
covalent bonding of functionalised colloidal particles to the substrate surface 115.  This 
approach lends itself well to directed colloidal self-assembly with deposition preferentially 
observed on the areas of the substrate functionalised to create the required bond.  However, 
the major disadvantage of this approach is the challenge in achieving three dimensionally 
ordered structures, with non-close packed layers commonly formed.  Therefore, this 
method of directed colloidal deposition currently has little application in the formation of 
three dimensional colloidal crystal arrays.  It does, however, find application in life science 
applications and cluster optics 115. 
 
 
5.2.3 Patterned Removal of Colloidal Particles from a Bulk Template 
A top down method for the creation of colloidal crystal arrays is micro-contact particle 
stripping (μCPS) 116.  In this approach colloidal particles are removed from bulk templates 
to leave patterned arrays 116.  Particles are removed by conformal contact of a 
topographically patterned PDMS stamp with the bulk colloidal crystal  116.  The tacky 
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nature of the PDMS leads to the adhesion of the colloidal particles to the stamp, and hence 
they can be removed on withdrawal of the stamp.   
 
However, only monolayer and relatively disordered colloidal crystals have been fabricated 
by μCPS with difficulties encountered when using the method on close-packed colloidal 
crystals 116.  Therefore, μCPS is not currently a viable technique for the creation of 
highly-ordered colloidal arrays over large areas.  However, as highly-ordered bulk 
colloidal crystals can be fabricated with relative ease this is an approach which with further 
investigation may be able to rapidly create colloidal arrays in the size range relevant to this 
project.   
 
An extension of the μCPS technique was demonstrated by Yan et al 117 who report not 
only the pick up of close-packed colloidal arrays on a topographically patterned stamp but 
also the subsequent deposition of the structure to a substrate.  Again the tacky nature of 
PDMS was used to pick up the colloidal crystal.  The colloidal crystal inked stamp was 
then contacted onto a poly(vinyl alcohol) (PVA) coated substrate heated above the glass 
transition temperature of PVA.  On removal of the PDMS stamp the colloidal array was 
found to transfer completely to the substrate.  The particles were found to be partially 
submerged in the PVA.    Close-packed colloidal arrays have been fabricated using this 
method.  However, transfer has only been achieved for monolayers and at small feature 
sizes (5 μm wide lines). As the deposition process requires an adhesive PVA layer, any 
multilayer structure would have the limitation of being pre-infiltrated by adhesive which is 
not ideal for many of the applications suggested for colloidal crystal arrays of this scale.    
 
5.2.4 Electrostatic Interactions 
Aizenberg et al demonstrated that electrostatic interactions can be used to direct colloidal 
deposition 51.  By patterning gold substrates with functionalised alkanethiols 
electrostatically charged regions can be created.  During colloidal deposition these 
nominally charged areas attract/repel charged colloidal particles and thus generate 
selectivity.  
 
Using the interaction of the small electrostatic charge of silica and polystyrene spheres and 
the charged functional end groups of alkanethiols (e.g. carboxylic acid group of 
mercaptoundecanoic acid), Aizenberg et al 51 demonstrated that electrostatic interactions 
can direct colloidal deposition with high spatial selectivity.   However, the approach was 
105 
only demonstrated on a scale of a few particle diameters and only yielded poor order 
within the colloidal arrays formed.   
 
Chen et al 118 formed multilayer colloidal structures using the alternate deposition of 
negative and positive functionalised colloidal particles.  This approach is of interest as it 
allows functionality to be added to the layers within the colloidal arrays.  However, as in 
the case of chemical bond driven directed deposition only poorly ordered non-close-packed 
structures were formed.  This can be attributed to the colloidal deposition method used.  
Slow progression of the growth front across the substrate is required to give the particles 
time to assemble into close-packed crystals 119.  When attempting to form close-packed 
structures by slow evaporation, directed deposition was not observed as the capillary forces 
which arise on the formation of a dense colloidal slurry overpowered the electrostatic 
interactions 118.  To gain selective deposition, the sample was agitated and deposition 
carried out under de-ionised water prior to the formation of a dense colloidal slurry.  
However, although this method resulted in directed colloidal deposition, poor order was 
observed in the samples formed.   
 
Electrostatic interactions do not seem a promising driving force for directing colloidal 
deposition at large length scales.  However, the patterning method used by Aizenberg et al, 
micro-contact printing (μ-CP) is quick, convenient and relevant to patterning at the scales 
investigated within this project, 25 - 400 μm.  Therefore, the method of μ-CP is discussed 
in more detail in section 5.3. 
 
 
5.2.5 Confined De-wetting Lithography 
As colloidal crystals are deposited from solution, control of solvent de-wetting can be used 
to achieve direct colloidal deposition.   The recently developed technique of confined de-
wetting lithography (CDL) directs the mensicus of the solvent by imposing a physical 
mask on a droplet of colloidal solution 50. The meniscus becomes pinned to the mask 
floating on the surface leading to selective de-wetting in the pattern of the mask and hence 
directed colloidal deposition.  Specifically, clusters of colloidal particles are observed 
beneath the mask features with particle-free areas corresponding to gaps in the mask 50.   
 
SEM characterisation shows the colloidal crystals formed by CDL appear to be 
close-packed.  Currently, the technique has only been demonstrated on a small scale with 
features of 10 × 50 μm.  Therefore, further investigation is required to examine whether 
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colloidal crystals with larger feature sizes which exhibit the high degree of periodicity 
demonstrated in those formed by competing techniques can be fabricated by CDL.    
 
 
5.2.6 Substrate Wettability   
By patterning substrates with hydrophobic and hydrophilic regions colloidal self-assembly 
can be directed as the difference in wettability drives the colloidal solution to the 
hydrophilic regions.  This technique is particularly selective as the concave wetting 
meniscus required to create the immersion capillary forces which induce the particles to 
assemble is only found in the hydrophilic regions 18,120.  A wide range of methods have 
been used to fabricate wettability patterned substrates including, photo-lithography, vapour 
deposition and ink jet printing 11,121,122.   The following sections, 5.2.6.1 - 5.2.6.4, will 
outline a few of the common techniques, focussing on those particularly relevant to this 
project, i.e. scalable techniques that can direct colloidal deposition at the required length 
scale (25 - 450 μm).   
 
5.2.6.1 Plasma Cleaning 
Choi and Park 121 recently demonstrated the creation of ordered multilayer colloidal crystal 
arrays by the selective de-wetting of colloidal solutions from wettability patterned 
substrates.  Hydrophilic/hydrophobic patterns were created by area-specific plasma 
cleaning of a PDMS surface.  Wetting hydrophilic areas, static advancing contact angle 
(SACA) of 14°, were created in the areas exposed to the plasma, while those which were 
masked remained hydrophobic (SACA 72°).  Following creation of a wettability pattern 
the substrate was held horizontally and a droplet of colloidal solution placed on top. 
 
This is an attractive patterning approach which has demonstrated deposition of features 
from 5 – 50 μm over areas just over 1 mm square.  However, the potential of the technique 
is much greater, as it could theoretically be used to pattern large areas relatively quickly 
with high resolution.   It would therefore be of interest to see colloidal arrays of larger 
dimensions functionalised by this method and attempts made to create highly-ordered 
colloidal crystals, perhaps by improving the deposition technique from the droplet method.    
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5.2.6.2 Inkjet Printing 
Park et al 122 rapidly patterned arrays of colloidal crystal by ink jet printing colloidal 
solution onto hydrophobic substrates.  It is important that the substrate is hydrophobic as 
this contains the colloidal droplet which attempts to minimise its contact with the substrate 
surface and ensures a high colloidal concentration during drying.  This results in the 
formation of a colloidal crystal array rather than the ‘coffee ring’ that would be observed 
on a hydrophilic substrate.  This technique has a significant deposition rate advantage over 
the alternatives with arrays deposited in minutes, although the rate limiting step is the 
drying period which is of the order of 5 hours for 22 μm droplets 122.  The main 
disadvantage of this technique is the quality of colloidal crystal that can be formed with a 
high number of defects observed 122.  However, when patterned at large length scales, ink 
jet printing is an interesting technique particularly if high-defect quantities can be 
tolerated.   
 
5.2.6.3 Photo-Lithography and Vapour Deposition 
Wettability patterned substrates fabricated by a range of vapour deposition and 
photo-lithography techniques have been used to direct colloidal deposition.  Gu et al 123 
reported the use of a hydrophilic/hydrophobic substrate created by silane surface chemistry 
and photo-lithograpy.  A hydrophobic surface was created by the deposition of a 
self-assembled layer of fluoroalkylsilane [CF3(CF2)7CH2CH2Si(OCH3)3] on a TiO2 coated 
glass slide.   A variation in wettability was created by exposing this hydrophobic surface to 
ultraviolet (UV) light, upon which it becomes superhydrophilic, that is the SACA for water 
changes from 100o to 0o in the irradiated area.  By selectively exposing the modified 
substrate to UV light a patterned hydrophilic/hydrophobic area can be created.   
 
The change in contact angle arises from the UV light-initiated transformation of TiO2.  The 
exposure to UV light generates active oxygen on the surface of the TiO2 film which 
decomposes the fluoroalkylsilane, hence creating oxygen vacancies within the TiO2 and 
causing the superhydrophilic behaviour 123.  The achievable patterning resolution using this 
technique is determined by the diffraction limits of UV light, and thus is competitive with 
the other investigated patterning techniques.  The principle advantage of this technique is 
the ease with which heterostructures of colloidal crystal arrays can be created by varying 
the surface wettabilty following the first deposition period.  However, the use of a TiO2 
substrate would make this process inhibitively expensive for use in many of the potential 
applications 123.   
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Fustin et al 11 demonstrated that highly-ordered multilayer colloidal arrays can be 
fabricated with good selectivity by vertical withdrawal of flat chemically patterned 
substrates from a colloidal solution.    The substrates used in the work of Fustin et al were 
fabricated using a combination of photo-lithography and silane surface chemistry to create 
micro-patterned silane mono-layers 11.  This approach doesn’t require any expensive 
components and is applicable with a range of silanes thus allowing an examination in to 
the effect of varying wettability contrast.   Using a range of striped patterns from 
2 - 400 μm Fustin et al also examined the selectivity and the resolution or achievable 
feature size of this technique.  Striped colloidal arrays down to 10 μm in width have been 
formed from close-packed colloidal particles using this technique.  When the hydrophilic 
stripes become narrower than 10 μm no wetting meniscus was formed; therefore, the 
substrate acts as though it is totally hydrophobic.  However, hydrophobic stripes as narrow 
as 4 μm remain clear of colloidal deposition provided they are separated by hydrophilic 
areas broader than 10 μm 11.  This technique has not demonstrated directed colloidal 
deposition over large areas. 
 
5.2.6.4 Micro-Contact Printing  
Fan and Stebe 124 demonstrated directed colloidal deposition on wettability patterned 
substrates fabricated by micro-contact printing (µ-CP); the same patterning technique used 
by Aizenberg et al 51 to create the electrostatic patterns described in section 5.2.4 and 
explained more detail in section 5.3.  μ-CP was used to deposit mercaptoundecanoic acid   
(HS(CH2)15COOH) with feature sizes from 1 – 50 μm and the substrate then washed with 
with octadecanethiol (HS(CH2)17CH3), 124.  The printed mercapto undecanethiol created 
hydrophilic areas (SACA 31°) while the subsequent washing with octadecanethiol 
rendered the rest of the substrate hydrophobic (SACA 103°).  Droplets of colloidal solution 
were then placed on the horizontal substrate and allowed to evaporate.  Although this led to 
directed colloidal deposition, the crystals formed were not well ordered.  
 
Karakurt et al 125 used a similar technique to investigate the size dependant organisation of 
colloidal particles on patterned substrates.  Wettability patterns were again deposited on 
gold substrates by the μ-CP of n-alkyl thiols and deposition carried out by placing a droplet 
of colloidal solution on the substrate surface and allowing the solvent to evaporate.  
Whether a particle was deposited onto the patterned substrate was found to be dependent 
on particle size, hydrophilic feature size, receding contact angle and colloidal 
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concentration 125.  By tuning the conditions, close-packed mono and multilayer colloidal 
crystals were formed.  However, the ordering was still not highly periodic within these 
structures.  Therefore, within this project wettability patterns have been created by μ-CP 
and colloidal particles deposited onto them using the more refined EVD process.  
 
5.3 Patterning Method (Micro-Contact Printing) 
First introduced by Whitesides and Kumar, µ-CP can be used to deposit chemical features 
as small as 100 nm onto a substrate 126,127.  µ-CP is a quick and convenient technique 
which has been used to deposit functional self-assembled monolayers (SAM) onto the 
substrate surface.  By varying the functionality of the printed molecule, electrostatic and 
wettability patterns have been deposited to direct colloidal deposition 51,124,125.  During 
µ-CP a topographically patterned PDMS stamp is ‘inked’ with a patterning molecule 
which diffuses into it 128.  Subsequently, physical contact between the stamp and substrate 
allows the patterning molecule to transfer to the substrate surface.   A schematic of the 
µ-CP process is shown in Figure 5-1.  
 
 
                                           
Figure 5-1  Schematic of the micro-contact printing process 
 
The simplicity and flexibility of the µ-CP printing approach makes it an attractive method 
for patterning substrates.   Therefore, attempts were made within this project to use μ-CP 
to pattern large areas (5 × 1 cm) with increased pattern dimensions (25 - 400 μm).  
Following the chemical patterning of the substrates, evaporative vertical deposition was 
used to deposit the colloidal particles.   
 
The μ-CP approach allows the deposition of a range of chemicals.  During this project gold 
surfaces have been modified by alkanethiol molecules of varying functionalisation, glass 
Stamp inked with patterning chemicals 
which absorb into the PDMS 
Stamp blown dry and brought into contact 
with the substrate. 
Removal of the stamp leaves a flat 
chemically patterned substrate 
110 
substrates patterned with octadecyl trichlorosilane and indium tin oxide coated substrates 
patterned with octadecyl phosphonic acid.  Those inks have been chosen as they not only 
have the required chemical functionality, but also a strong affinity for the substrate to be 
patterned.  This affinity for the substrate draws the ink from the PDMS during printing and 
drives the formation of a SAM. 
 
 
5.4 Stamp Fabrication     
5.4.1 Master Types and Requirements  
A topographically patterned surface is required for use in μ-CP.  In this project PDMS 
replicas have been fabricated for use as stamps from patterned ‘master’ materials.  A 
number of different materials and topographies have been investigated for use as masters.  
White light interferometry (WLI), atomic force microscopy (AFM), profilometry and 
scanning electron microscopy (SEM) measurements have been used to characterise the 
different patterned master materials.  By careful characterisation the suitability of a master 
for the fabrication of a PDMS stamp can be assessed.  Regular well defined topographical 
pattern, peak to valley height and structural strength are key properties for a good master. 
 
 
Figure 5-2   A schematic representation of a typical master          
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Masters used in this work have been topographically patterned over large areas 
(5.6 × 1.2 cm) with groove and spacing magnitudes ranging from 25 - 450 µm which were 
generally aligned parallel to the longest side of the master, Figure 5-2.  
 
Aspect ratio is defined to be the vertical feature height divided by the horizontal feature 
width 129.  The aspect ratio of a PDMS replica, and therefore the master it is created from, 
is critical if it is to be successfully used as a stamp for μ-CP.  Too low an aspect ratio 
allows more than just the raised areas of the stamp to transfer molecules to the substrate 
during μ-CP.  Too high an aspect ratio could cause the loss of well defined patterns due to 
the elasticity of PDMS.  Xia and Whitesides report an aspect ratio of 0.1 – 2 is desirable in 
the creation of defect free replica 130.    
 
5.4.2 Master Fabrication 
Two types of master have been investigated within this project.  Using standard 
lithographic techniques researchers at Kodak exposed high resolution dimensionally stable 
photographic film using a laser plotter.  The exposed areas were then removed by chemical 
etching to expose bare silver tracks 131.  WLI measurements confirmed the well defined 
sample topography with a peak to valley height of approximately 500 nm.  However, the 
peak to valley height of the initial masters gave too low an aspect ratio to achieve 
reproducible patterning over large areas by μ-CP.  
 
A second set of masters with an improved peak to valley height were fabricated using 
reactive ion etching (RIE) of silicon by Michael Larson of the Electrical Engineering 
Department, Imperial College London.  Photo-resist was spun coated onto a silicon wafer 
and the original Kodak silver film masters used as a mask for photo-lithography.  After 
developing, the exposed areas of the photo-resist were removed by chemical etching.   The 
photo-resist patterned substrate was then etched to a depth of 3 - 6 μm using an Oxford 
instruments PlasmaLab 80+ parallel plate reactive ion etcher.  The masters fabricated in 
this way met the established aspect ratio values within the literature 129.  The masters were 
characterised using optical microscopy and WLI, a typical example of which is shown in 
Figure 5-3.   
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Figure 5-3 Characterisation of a silicon master fabricated by reactive ion etching.  (a,c) optical 
micrographs; (b,d) white light interferometry measurements; (b) a 3-D reconstruction of the master 
topography; (d) the average surface profile taken perpendicular to the patterned lines from three areas of the 
master. 
 
The master shown in Figure 5-3 has a groove diameter of 80 µm, a spacing of 40 µm and a 
peak to valley height of 5.2 µm giving an aspect ratio of 0.13.  Optical microscopy and 
WLI have shown the masters fabricated by RIE to have well defined features over large 
areas (5 × 1 cm), Figure 5-3. 
 
5.4.3 Master Replication/Stamp Fabrication 
Using a Sylgard 184 kit (Dow Corning) and a modified version of the original Whitesides 
et al protocol 126, PDMS replicas of topographically patterned materials have been 
fabricated for use as stamps in μ-CP.  A schematic of the replica/stamp formation process 
is shown in Figure 5-4. 
   
Figure 5-4  Schematic of replica/stamp formation 
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During fabrication the base and curing agent are thoroughly mixed in a 10:1 ratio and 
cured for 30 minutes at room temperature before transfer onto the master by syringe.  The 
bubbles formed within the Sylgard mixture can be removed by placing the sample in a 
vacuum dessicator and repeatedly evacuating the chamber.  This is necessary if the sample 
is to be cured at an elevated temperature.  When allowed to cure at room temperature the 
trapped air bubbles were found to diffuse without vacuum assistance.  Curing the sample at 
an elevated temperature has the benefit of reducing fabrication time from 24 hours to 
approximately one hour depending on sample size.  Following curing the master is 
removed and the PDMS replica trimmed to leave only the patterned area.   
 
The strength of bond formed between the Sylgard and the master affect the ease with 
which the sample can be removed.  Some initial difficulties were experienced when 
removing glass masters from the cured Sylgard mixture.   Dow Corning report that 
allowing the mixture to partially cure before transfer to the mould helps prevent mould 
stamp bonding 132.  The incorporation of a 30 minute curing period prior to pouring the 
PDMS mixture into the mould reduced master and replica bonding successfully. The 
characterisation of an inverse replica of the master shown in Figure 5-3 is presented in 
Figure 5-5.   
 
 
Figure 5-5 Characterisation of an inverse PDMS replica of the silicon master shown in Figure 5-3.  
(a,c) optical micrographs; (b,d) white light interferometry measurements; (b) a 3-D reconstruction of the 
replica topography; (d) the average of surface profile taken perpendicular to the patterned lines from three 
areas of the replica.   
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The successful fabrication of a topographically patterned PDMS stamp is demonstrated in 
Figure 5-5.  Surface profiles of the replica and the original silicon master were collected 
using WLI and compared, Figure 5-6. 
         
0
1
2
3
4
5
0 0.2 0.4 0.6 0.8 1
distance (mm)
he
ig
ht
 (
μm
)
Silicon Master
PDMS replica
 
Figure 5-6  Surface profile collected by WLI of the master and the inverse PDMS replica fabricated 
from it  
 
As demonstrated in Figure 5-3 the masters fabricated by RIE exhibit well defined features, 
with a peak to valley height of approximately 5 µm in this example.  Figure 5-5 shows that 
the topographical features of the PDMS replica are also well defined.  Comparison of the 
WLI surface profile gathered from the original master and the PDMS replica illustrates that 
the features of the master are successfully inversely replicated in the PDMS stamps,  
Figure 5-6.   
  
5.5 Stamping Protocol    
The principle challenge encountered when using the μ-CP technique is the production of 
reproducible patterning.  This section will outline the protocol designed to create 
reproducible prints during this project and present justification for it. 
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5.5.1 Experimental Methods 
Glass slides (60 × 15 mm) were cleaned by sequential sonication in opticlear®, acetone, 
methanol and de-ionised water each for 10 minutes.  Following cleaning the slides were 
blown dry using oxygen-free nitrogen.  Gold was then deposited onto the clean glass 
surface at 65 mA for 2 minutes using an Emitech 575x high resolution sputter coater 
giving a coating thickness of 40 nm.    
 
A range of topographically patterned masters with feature sizes ranging from 25 – 450 μm, 
and peak to valley heights from 0.5 – 6 μm, were fabricated as described in 5.4.2.  These 
were used to make PDMS replicas, as described in section 5.4.3 which were subsequently 
used as stamps during μ-CP.   
 
Wettability patterns were created on gold substrates by deposition of mercaptoundecanoic 
acid, (HS(CH2)15CO2H, MUA, Sigma-Aldrich) by µ-CP.  Prior to printing the stamp was 
‘inked’ in 10 mMol MUA/ethanol solution for 30 minutes and blown dry using 
oxygen-free nitrogen.  The stamp was then contacted onto the substrate for 2 minutes at a 
pressure of ~ 200 N.    Between each print the stamp was inked for a further 2 minutes.  
 
Wettability patterns were created on glass substrates, in a similar manner, by the deposition 
of octadecyl(trichloro)silane (OTS, CH3(CH2)17SiCl3, Sigma-Aldrich). Glass slides were 
cleaned as outlined previously.   A 10mMol OTS/ethanol solution was prepared under 
argon in a glove box.  PDMS stamps were then inked in 10 mMol OTS/ethanol solution for 
30 minutes prior to use and contacted onto the substrates for 2 minutes.  
 
5.5.2 Characterisation of Patterned Substrates 
A wide range of techniques have been used to characterise substrates following μ-CP; 
these include optical and electron microscopy, Raman microscopy, observation of solvent 
de-wetting, and evaporation of droplets of colloidal solution on horizontal substrates.  
Observations based on these techniques were used to determine a reproducible protocol for 
patterning substrates by μ-CP. 
 
Optical and electron microscopy characterisation of the substrate following μ-CP shows 
the surface to be modified at the same pitch as the PDMS used to pattern it, Figure 5-7.  
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Figure 5-7 Optical and SEM characterisation of a gold substrate patterned by µ-CP printing of 20 µm 
parallel lines of MUA with a 30 µm gap between and the stamp used to pattern it.  (a) Optical 
micrograph of the printed substrate.  (b & c) SEM characterisation of the printed substrate (d) SEM 
image of the PDMS stamp.     
 
Optical images of substrates patterned with MUA indicate the substrate surface has been 
modified by μ-CP, Figure 5-7(a).  SEM images confirm the modification of the substrate 
surface at the same pitch as the PDMS stamp, Figure 5-7(b & c).  However, the stamped 
lines do not appear to be continuous, Figure 5-7(c).  It is hypothesised that the contrast in 
the lines is associated with aggregates of MUA or impurities drawn from the PDMS during 
printing.  A SAM may well be present but would not be to detectable by either optical or 
electron microscopy.  WLI reveals the maximum height of the aggregates to be 30 nm.  
The maximum variation in surface topography of 30 nm is not desirable, but the general 
variation of the topography is generally much less (approximately 10 nm) which is 
equivalent to the surface roughness of the substrate and would hence be expected to have 
little impact on the deposition of the colloidal particles. 
  
Sharpe et al 133 have recently published work illustrating the impact of siloxane 
contaminants during μ-CP.  Their results showed that contamination was most common 
when stamping with a polar alkanethiol similar to MUA.  This argument is supported by 
experimental data from this project as modification of the substrate has not been observed 
optically following printing with a non-polar alkanethiol ink.   
  
The images in Figure 5-7 show that μ-CP has successfully modified the substrate surface 
in the same well defined pattern as the PDMS stamp.  To confirm that the lines observed 
by optical and electron microscopy were formed from MUA, Raman spectroscopy was 
used to map the substrate surface.  Raman spectra gathered from pure MUA powder and 
from a stamped substrate are presented in Figure 5-8. 
 
 
 a     b c 
  d
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Figure 5-8 Raman spectra collected from MUA powder and from the stamped substrate.  
 
Raman spectra taken from MUA powder matched the reference spectra from the Aldrich 
reference library suggesting that the powder was pure.  By comparing Raman spectra from 
the patterned substrate and from MUA powder and the patterned substrate, the transfer of 
MUA to the substrate by micro-contact printing can be proved.  The presence of the S-H 
(2552 cm-1) and weak C-S (730 cm-1) adsorption in the spectra from the patterned substrate 
strongly support the successful transfer of the molecule to the substrate by μ-CP, Figure 
5-8.  The observed background shape was found to be characteristic of the gold substrates 
which the MUA has been deposited onto and the increased noise level due to the small 
amount of MUA transferred. 
 
Gold substrates were patterned by μ-CP with 20 μm lines of MUA with 30 μm gaps of 
un-functionalised gold between.  Following μ-CP SEM micrographs of the patterned 
substrates exhibited striped patterns mirroring that of the PDMS stamp, Figure 5-9(a).  To 
examine the effect of these printed lines the patterned substrates were held horizontally and 
droplets of colloidal solution placed on top. Figure 5-9(b) shows the 3-phase contact line of 
a droplet of colloidal solution on an un-patterned gold substrate.  A droplet of colloidal 
solution on a patterned substrate is shown in Figure 5-9(c).  A clear difference in the shape 
of the 3-phase contact line can be observed between the un-patterned gold and MUA 
printed sample.  The ripple pattern observed in Figure 5-9(c) occurs at the same pitch as 
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the printed MUA pattern with increased wetting in the MUA functionalised areas; i.e. the 
peaks of the ripples coincide with the centre of the MUA patterned lines.     
  
 
Figure 5-9 (a) SEM of a gold substrate patterned with 20 μm lines of MUA with 30 μm gaps of 
un-patterned gold between; (b) a droplet of colloidal solution on an un-patterned gold substrate; (c) a 
droplet of colloidal solution on the MUA patterned gold substrate; (d) SEM image of the MUA 
patterned substrate following droplet deposition.  
 
The polystyrene spheres used in these experiments have been shown, using zeta potential 
measurements, to carry a small negative electrostatic charge 23.  This charge arises from the 
presence of a small number of sulfate groups in the spheres from the use of potassium 
persulfate, K2S2O8, as an initiator during synthesis.  It was anticipated that electrostatic 
repulsion between the negatively charged polystyrene spheres and the nominal negative 
charge of the carboxylic acid termination of the MUA would direct colloidal deposition to 
the areas of un-patterned gold as observed by Aizenberg et al 16.  The reverse was observed 
with colloidal spheres preferentially adhering to the MUA patterned areas Figure 
5-9(a & d).   
  
The ripple effect at the wetting line and preferential adsorption of the colloidal particles to 
MUA functionalised areas can be explained by considering the difference in wettability 
between MUA and untreated gold.  A measure of wettability can be gained through contact 
angle measurements and from these measurements the behaviour of a liquid on the surface 
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can be predicted.  The lower the contact angle the more hydrophilic, or wetting a surface 
is.  Similarly, the higher the contact angle the more hydrophobic or non-wetting a surface 
is.  Contact angle measurements for untreated gold and the alkanethiols used to 
functionalise the gold are presented in Table 5-1. 
 
Substrate Contact angle (degrees) 
Untreated gold 80 
MUA functionalised gold 34 
Undecanethiol functionalised gold 98 
OTS functionalised glass 96 
Table 5-1 Static advancing contact angle measurements for water on gold, alkanethiol functionalised 
gold substrates and octadecyl(trichoro)silane (OTS) functionalised glass. 
  
As shown in Table 5-1, MUA is more hydrophilic than the un-treated gold substrate.  
Therefore when patterning with MUA on gold, wettability differences are competing with 
the electrostatic interactions to direct colloidal deposition.  Wettability is observed to 
overwhelm the electrostatic interactions during colloidal deposition at these length scales, 
25 – 450 μm 118.  This argument is supported by the observation that colloidal 
self-assembly was not observed on substrates functionalised with the electrostatically 
neutral but hydrophobic undecanethiol.  
  
Thus I conclude that, when working at large length scales (25 - 450 μm) on MUA 
functionalised gold, wettability rather than electrostatic charge directs colloidal 
self-assembly in contrast to the observations of Aizenberg et al 51.  As it has been 
demonstrated that wettability interactions can drive directed colloidal deposition at the 
required scale, substrates patterned with alkanethiols by μ-CP can be used during EVD to 
form area specific colloidal crystal arrays.   
 
The difference in wettabilty between functionalised and non-functionalised areas of the 
substrate can also be used to give an indication of the successful transfer of the alkanethiol 
pattern prior to colloidal deposition.  Following μ-CP, patterned substrates have been 
vertically dipped in ethanol and the de-wetting monitored on withdrawal.  A successfully 
patterned substrate de-wets from the hydrophobic gold areas leaving ethanol in the more 
hydrophilic MUA functionalised areas.   This ‘wet test’ has been used on all patterned 
substrates prior to vertical deposition and a direct correlation established between 
successful ‘wet test’ results and the formation of well defined colloidal arrays following 
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vertical deposition.  The ‘wet test’ thus gives a measure of quality control during the 
fabrication of directed colloidal crystal arrays.  The ‘wet test’ is also applicable to 
substrates patterned with OTS, in this case the functionalised areas are hydrophobic 
(SACA 96°) on a completely wetting glass substrate (SACA ~ 0°).  
 
5.5.3 Factors Affecting the Reproducibility of μ-CP 
In the previous section 5.5.2 it was demonstrated that colloidal deposition could be 
directed by wettability patterning of the substrate by μ-CP.  One of the key issues to 
address during this project was the reproducibility of the patterning process.  A number of 
factors were found to be central to this including, the lifetime of the ink, inking method, 
period of conformal contact, degradation of the stamp with repeat printing, cleaning of the 
stamp and the pressure applied during printing. 
 
5.5.3.1 Lifetime of the Ink 
The print quality when using the ink OTS was observed to degrade with the increasing age 
of the ink solution.  This occurs as OTS hydrolyses in the presence of moisture and in 
air 134.  An indication that this process has occurred can be observed by the milky nature of 
the OTS solution and the precipitation of a white solid from solution.  To avoid hydrolysis 
of the ink the OTS solution was prepared using dry ethanol in a glove box under an argon 
environment (366 ppm of water).  Following preparation the ink was stored under argon.  
Despite these precautions the pattern quality observed from an ink of over one month in 
age was found to be poor and precipitation of the white solid often observed.  Therefore, 
batches of OTS solution of more than 3 weeks in age were not used in the patterning 
experiments presented here.   
 
As the printing protocol was carried out in an air atmosphere, hydrolysis of the OTS could 
also occur during inking and printing.  This is confirmed by the observation of a white 
precipitate on the stamp during the latter stages of a printing run.   This is discussed further 
in the section 5.5.3.4. 
 
5.5.3.2 Inking Method 
Many methods for inking a stamp prior to μ-CP are noted in the literature 127.   As the 
patterning molecule diffuses into the PDMS stamp, inking and substrate contact time are 
important factors in the reproduction of well defined features as well as the physical 
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topography of the stamp.  Of the inking methods discussed in the literature the most 
common is ‘wet-inking’, where the stamp is immersed in a solution of the patterning 
molecule 51,124,135.  ‘Contact inking’, where the stamp is touched onto an ink pad 
impregnated with the stamping molecule, allows increased control of the inked areas 127.  It 
is also theoretically possible to create a permanently inked stamp by placing a reservoir of 
patterning molecule on top of the PDMS and allowing it to diffuse through the stamp until 
it reaches equilibrium 128.  To minimise the contact of OTS ink with moisture from the 
atmosphere, stamps within this project were wet-inked then blown dry using oxygen-free 
nitrogen prior to printing. 
 
5.5.3.3 Period of Conformal Contact 
The period of conformal contact between the inked stamp and the substrate influences the 
quality of the pattern transfer 127.  Too short a time does not allow the full transfer of the 
pattern, while too long a contact time can lead to diffusion of the ink beyond the 
boundaries of the desired pattern 127,135.  Diffusion of the printed molecules has not been 
found to be a problem during this project as the required features are of an order of 
magnitude larger than the resolution of the μ-CP technique.  Experiments proved a contact 
period of 2 minutes to be optimal, with no significant improvement in stamped pattern 
beyond this time, Figure 5-10.  For periods of contact less than 2 minutes an incomplete 
transfer of the pattern was observed.   
 
 
Figure 5-10  Optical images showing the effect of the period of conformal contact between the inked 
polydimethyl siloxane stamp and substrate. (a) 1 minute, (b) 2 minutes, (c) 4 minutes.  Scale 
markers 200 μm. 
 
5.5.3.4 Degradation of Print Quality with Repeat Printing 
During μ-CP it was observed that the adhesion of the PDMS stamp to the substrate was 
reduced with repeat printing.  As well as this reduction in adhesion, the quality of the 
pattern transferred to the substrate also fell with successive prints, Figure 5-11.   
 
 
b c a 
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Figure 5-11 Optical images showing the effect of repeat printing using OTS; annotated number 
indicates the position of the print in the batch.  Scale markers 250 μm. 
 
The deterioration of pattern quality with repeat printing was particularly evident when 
printing OTS, Figure 5-11.  In this case it is believed that the OTS hydrolyses both in the 
patterning solution and on the stamp.  Hydrolysis leads to the formation of a cloudy 
solution and eventually to the precipitation of the OTS from the ethanol solution.  When 
hydrolysised the OTS can no longer absorb into the PDMS stamp, instead forming as a 
white solid on the stamp surface.  This prevents uniform contact with the substrate and 
leads to a patchy non-selective deposition during printing.   
 
To avoid hydrolysis of the OTS ink during printing no more than 4 prints were made in 
any one batch.   Although the effect was less pronounced when patterning with MUA a 
deterioration in print quality was also observed with repeat printing and therefore stamps 
were again only used for 4 prints before cleaning.  In this instance it appears the 
deterioration in quality arises not only from the degradation of the ink but from the pick-up 
of contaminants on the PDMS stamp which prevent uniform contact with the substrate.  
The most common form of these contaminants was the pick-up of poorly adhered gold 
from the substrates.   
 
5.5.3.5 Cleaning the Stamp 
To reduce the number of variables between different patterning batches it is desirable to be 
able to use the same PDMS stamp on more than one occasion.   As outlined in section 
5.5.3.4, the quality of the deposited pattern was found to decay with repeat prints when 
patterning with OTS.  To be able to reuse the stamp it is thus crucial that it can be returned 
it to its original state. 
 
A sequential solvent sonication protocol has been used to remove surface contaminants 
from the PDMS stamps.  Immediately prior to use the stamps were sonicated in toluene for 
         Repeat stamping 
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2 minutes, rinsed in ethanol and then sonicated in ethanol for 10 minutes.  The stamps were 
then blown dry in a stream of oxygen-free nitrogen.  Figure 5-12 shows optical 
characterisation of the stamp during the cleaning procedure. 
 
 
Figure 5-12  Optical images demonstrating the effect of repeat printing on the stamp surface; 
(a) stamp prior to printing, (b) stamp following 5 print cycles, (c) stamp following cleaning.  Scale 
markers 200 μm.    
 
Optical microscopy supports the removal of surface contaminants and experiments 
demonstrate the return of the tacky adhesion properties of PDMS, Figure 5-12.  However, 
it also is crucial that the topography of the PDMS stamp is maintained for it to be of use 
during μ-CP.  WLI has been used to characterise the PDMS stamps at each stage of the 
cleaning process to examine whether this is the case, Figure 5-13.   
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Figure 5-13 Surface profile gathered by WLI demonstrating the recovery of the stamp topography 
during the printing and cleaning cycle.   
 
(a) (b) (c) 
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Surface profile gathered by WLI showed the surface topography of the stamp to be altered 
following printing due to the pick-up of contaminants and the hydrolysis of inks on the 
stamp surface, as indicated by the rough profile in Figure 5-13.  Crucially, WLI 
characterisation also demonstrated a return to the original topography following cleaning 
of the PDMS stamp, Figure 5-13.  This allows the use of PDMS stamps in more than one 
batch of prints and hence helps minimise the number of variables introduced between 
patterning batches. 
 
In the case of MUA functionalised stamps this cleaning protocol was also generally found 
to be effective.  However, difficulties were encountered when bulk delamination of the 
gold surface onto the PDMS stamp had occurred, and in this instance a new PDMS stamp 
was fabricated.   
 
 
5.5.3.6 Pressure Applied during Printing 
The pressure with which a PDMS stamp is contacted onto a substrate was found to affect 
the print quality obtained.  To investigate this phenomenon inked PDMS stamps were 
mounted on a ratchet-and-pinion movement and lowered onto the substrate which was held 
horizontally on electronic scales.  This apparatus allowed the accurate application and 
measurement of pressures.  Improved print quality was observed with increasing force 
applied to the PDMS stamp during μ-CP until an optimum value of ~ 200 N was reached, 
Figure 5-14.    
Figure 5-14 The effect of increasing stamp pressure during μ-CP.  The number below the image 
denotes the pressure applied to the stamp (N). 
 
At pressures above 200 N pattern resolution was lost as both the raised and the lowered 
parts of the stamp contacted the substrate leading to over deposition of the patterning 
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chemical.  The application of a fixed uniform pressure to the stamp during printing was 
found to improve the reproducibility of the patterning process.   
 
5.5.3.7 Summary of the Factors Affecting Print Reproducibility during μ-CP 
Lifetime of the ink, inking method, period of conformal contact, degradation of the stamp 
with repeat printing, cleaning the stamp and the pressure applied to it during printing have 
all been found to affect the print quality achieved by μ-CP.  Through the detailed study of 
these variables a reproducible printing protocol has been derived incorporating the 
following observations:  Inks must be under 3 weeks in age; stamps ‘wet inked’ to 
minimise surface hydrolysis of the ink; inked stamps contacted onto the substrate for a 
period of 2 minutes; a stamp used for no more than 4 sequential prints before cleaning; and 
a pressure of 200 N applied during printing to ensure uniform contact across the substrate.   
 
 
5.6 Directed Colloidal Deposition by Scaleable Methods 
5.6.1 Preparation of Patterned Substrates 
Glass and gold substrates were prepared as described in section 5.5.1.  A range of 
topographically patterned masters with feature sizes ranging from 25 – 450 μm and peak to 
valley heights from 0.5 – 6 μm were fabricated as described in 5.4.2.  PDMS replica were 
fabricated from the masters, as described in section 5.4.3, and subsequently used as stamps 
during μ-CP.   
 
Hydrophobic/hydrophilic patterns were created by the µ-CP of alkanethiols and silanes on 
gold and glass substrates respectively.  Gold substrates (SACA 80º), were patterned with 
MUA (SACA 34º), to create hydrophilic regions.  Hydrophobic areas were created on 
completely wetting glass slides by the deposition of OTS, (SACA 96º).    
 
PDMS stamps were inked for 30 minutes in 10 mMol OTS/ethanol or MUA/ethanol 
solutions.   Stamps were then blown dry using oxygen-free nitrogen and dry contacted onto 
the substrate for 2 minutes.  Following printing the substrates were washed in ethanol to 
remove excess patterning chemicals.  The stamp was re-inked before subsequent use.  The 
stamping protocol is illustrated schematically in Figure 5-15. 
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5.6.2 Deposition Process  
Mono-disperse polystyrene spheres (192 - 460 nm, dispersity < 3 %) were synthesised 
using emulsifier free polymerisation 37.  Colloidal crystal arrays were fabricated by 
carrying out EVD onto the patterned substrates: 10 ml aqueous solutions of polystyrene 
spheres ranging in volume fraction from 0.004 to 0.2 vol% were evaporated from 
75 × 25 mm cylindrical vials at 55 ± 0.2 oC for 48 hours 37.  The EVD process is shown 
schematically in Figure 5-15(d) and described in greater detail in Chapter 4. 
  
                         
 
Figure 5-15  (a) The stamp is inked by immersion in patterning chemicals which absorb into the 
PDMS.  (b) The stamp is dried and contacted onto the substrate.  (c) Removal of the stamp leaves a flat 
chemically patterned substrate.  (d)  Polystyrene spheres are selectively deposited onto the patterned 
substrate by evaporative vertical deposition, (e) creating well defined highly-ordered colloidal crystal 
arrays.   
 
5.6.3 Colloidal Crystal Array Characterisation  
Samples were characterised using optical and scanning electron microscopy (SEM), white 
light interferometry and reflectance spectroscopy. Reflectance spectroscopy measurements 
were carried out on individual colloidal stripes using a Leica optical microscope fitted with 
an optical spectrometer.   
 
(a)
(b)
(c)
(d)
(e)
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Substrates with varying wettability patterns were created by µ-CP of OTS onto glass and 
MUA onto gold substrates.  Colloidal particles were then deposited onto the patterned 
substrates by EVD.  Selectivity arises during deposition as a concave ‘wetting’ meniscus is 
required for colloidal self-assembly to occur; such a meniscus is only formed on the 
hydrophilic areas of the substrate 18,120.  A schematic of the experimental procedure is 
shown in Figure 5-15, using this protocol highly-ordered colloidal crystal arrays of 
controlled geometry have been fabricated.   
 
The range of colloidal deposition and the packing periodicity of the top layer of these 
arrays can be probed using optical microscopy and SEM; Figure 5-16(a – d) shows 
multilayer colloidal crystals formed by EVD on flat MUA patterned gold substrates.   
 
  
Figure 5-16 (a) An optical micrograph demonstrating the long range order of the colloidal arrays 
created by the deposition of 192 nm polystyrene spheres on a MUA patterned gold substrate; 80 μm 
colloidal crystal stripes with 40 μm gaps between.  (b - d) SEM images of the sample shown in 
Figure 3(a).  (e & f) SEM image from the centre of a typical 40 μm colloidal crystal stripes following 
the deposition of 334 nm polystyrene spheres and the corresponding FFT.   
 
Preferential adsorption to areas functionalised with MUA can be observed in Figure 
5-16(b) with colloidal arrays formed on the 80 μm hydrophilic MUA stripes and not on the 
40 μm gaps of hydrophobic non-functionalised gold.  Figure 5-16(c) demonstrates that the 
technique is highly selective with little adhesion of colloidal particles in the hydrophobic 
gold region.   
 
The thickness of the colloidal crystals formed within the arrays can be tuned by varying the 
volume fraction of polystyrene used during EVD; using this technique 50 μm colloidal 
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crystal stripes varying in thickness from 2 - 20 layers have been formed (0.004 - 0.2 vol%).  
The width of the colloidal crystal stripe was also found to affect the thickness of the 
colloidal crystal formed.  Broader colloidal arrays were found to be thicker for a given 
volume fraction; this can be explained by the increased meniscus length on broader 
arrays 11.   
 
Fast Fourier transforms (FFTs) gathered from the SEM images can be used to examine the 
two dimensional periodicity within the structure, with well defined spots indicating a high 
degree of order.  Figure 5-16(e & f) shows an SEM image from the centre of a 40 μm 
colloidal crystal stripe and the corresponding FFT pattern, these illustrate the high degree 
of periodicity present in the colloidal crystal stripe.  The local angular rotation and the 
long-range order of the colloidal crystal stripes were probed by monitoring the rotation of 
the ( 022 ) spot at three locations along the colloidal array.  At each location three FFTs 
were taken and the angular rotation averaged, with variation in angular rotation typically 
less than 10.  Variation in angular rotation along the colloidal crystal stripe was less than 
50, in close agreement with measurements made on bulk colloidal crystals 37. 
   
The three dimensional ordering of the colloidal arrays was probed using reflectance 
spectroscopy.  As introduced in Chapter 1, reflectance peaks are only observed from a 
highly-ordered colloidal crystal, with defects leading to an increase in the full-width at 
half-maximum (FWHM) of the peak, and no peaks observed for disordered samples.   
 
Reflectance measurements were carried out on individual colloidal crystal stripes using a 
Leica microscope fitted with an optical spectrometer with a spot size of 6 μm2 and 1 nm 
wavelength resolution.  Reflectance spectra gathered from single colloidal crystal stripes of 
varying width are shown in Figure 5-17 indicating the presence of three-dimensional order 
in the colloidal crystal stripes.    
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Figure 5-17  The effect of array width on reflectance spectra. Spectra have been normalised and offset 
to aid visualisation.   All colloidal crystal stripes fabricated from 248 nm polystyrene spheres. 
 
The FWHM of reflectance spectra were observed to increase with decreasing stripe width 
despite the spot size still being well below the width of the array.  The increase in FWHM 
can be explained by decreasing colloidal crystal thickness; colloidal array thickness is 
directly dependant on array width with thicker arrays formed on broader stripes due to the 
increase in meniscus length 11.  It has previously been demonstrated that the FWHM 
increases with decreasing bulk colloidal crystal thickness 7.  The arrays characterised in 
Figure 5-17 ranged from three layers thick in the 25 μm stripes to eight layers in the bulk 
sample.   
 
Cross sectional analysis and WLI of the colloidal crystal stripes, as shown in Figure 5-18, 
demonstrates they do not have a top-hat profile with the edges instead being made up of 
terraced steps.  The observed array shape is in keeping with the shape of the rivulet of 
colloidal solution formed during directed deposition 11.   
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Figure 5-18  (a) Surface profile of the colloidal array shown in (b), measured using white light 
interferometry. (b) optical image of the colloidal crystal array fabricated from 248 nm polystyrene 
spheres, 40 μm with 80 μm gaps. 
 
The stepped nature of the colloidal arrays has an effect on the optical properties as 
observed.  Figure 5-19 shows optical reflectance spectra gathered in 10 μm steps across a 
50 μm colloidal crystal stripe.  
 
 
 
 
 
Figure 5-19  Reflectance spectra, at normal incidence, gathered at 10 μm intervals across a 50 μm 
colloidal crystal stripe along the path indicated by the arrow on the under layed optical micrograph.   
 
The reflectance spectra gathered from the colloidal arrays are at their most intense at the 
centre of the colloidal crystal array where the packing is uniform and the array at its 
thickest (2.2 μm, 5 layers), Figure 5-19.  Intense reflectance spectra are obtained across the 
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arrays until reaching the terraced steps on either side, where the area of the reflectance 
peak rapidly diminishes.  The reflectance spectra can be further processed to show their 
variation across the sample.  By calculating the area under the reflectance peak the 
variation in peak intensity with position can be plotted.  From this plot it can be seen that 
there is a direct correlation between peak intensity and the presence of the colloidal arrays, 
Figure 5-20.    
 
 
Figure 5-20 (a) A plot of the normalised intensity of the optical image (shown in b) vs. position.  The 
normalised area under the reflectance peak is plotted vs. position on the same axes. (b) optical image of 
the colloidal crystal array. 
 
The reflectance peak is of greater intensity when gathered from the centre of the colloidal 
array, rather than its stepped edges, Figure 5-20.  That is, the reflectance spectra is most 
intense at the centre of the colloidal crystal stripe were the packing is uniform and the array 
at its thickest.  The three dimensional order along the colloidal array was probed by 
gathering reflectance spectra at 10 μm intervals along a 50 μm colloidal array, Figure 5-21. 
 
Figure 5-21 Variation in peak intensity along a 50 μm colloidal crystal stripe composed of 248 nm 
polystyrene spheres.  An optical micrograph of the stripe from which the reflectance spectra were 
gathered is underlain to aid visualisation.  
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The variation in peak intensity shown in Figure 5-21 directly correlates with variation in 
the colloidal array shape and thickness which can seen in the optical micrograph in Figure 
5-21.   The formation of these shapes within the colloidal arrays is discussed in more detail 
in Chapter 6. 
 
5.6.4 Directed Colloidal Deposition over Large Areas 
One of the aims of this project was to direct colloidal deposition using scalable methods.  
Figure 5-22 demonstrates directed colloidal deposition over large areas (5 × 1 cm) 
achieved using a combination technique of μ-CP and EVD.  
 
 
Figure 5-22  Large-area directed colloidal deposition  (a) A photograph demonstrating directed  
colloidal deposition over a 5 × 1 cm area.  (b) Optical micrograph showing the formation of well 
defined colloidal arrays.  (c) Higher magnification optical micrograph.   
Defect type 1 
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By combining the techniques of µ-CP and EVD colloidal arrays of controlled geometry 
have been created over very large areas (5 × 1 cm) as shown in Figure 5-22.  While this is 
a very large area when contrasted with earlier reports of directed colloidal deposition, the 
approach provides the opportunity for further increases in scale, as both µ-CP and EVD are 
inherently scalable 136,137,138.  The formation of colloidal crystal arrays over such large 
areas represents a significant step towards the incorporation of colloidal crystals into a 
range of technologically relevant applications, including; large-area, low-energy reflective 
displays, chemical sensing, low cost photovoltaic devices and tuneable decorative colour 
for the home consumer. 
 
It must also be noted that when directing colloidal deposition on this scale, mechanisms 
competing with colloidal self-assembly have been observed leading to the formation of the 
two types of defects highlighted in Figure 5-22, the mechanisms causing these defects are 
discussed in detail in Chapter 6. 
 
 
5.7 Directed Colloidal Deposition on Functional Substrates 
To date directed colloidal deposition has only been demonstrate on rigid, brittle substrates.  
For many of the potential applications it is important to create well defined colloidal 
crystal arrays not only on rigid but also on flexible substrates.  As discussed in Chapter 4, 
flexible substrates open up better fabrication routes and wider applications.  Of particular 
interest for use as a substrate is the flexible, transparent and electrically conducting ITO 
coated PET.  In this section the creation of highly-ordered colloidal crystal arrays on ITO 
coated PET is presented. 
  
5.7.1 Experimental Methods 
Using the same process as outlined in section 5.6 colloidal crystal arrays have been 
fabricated on flexible ITO substrates.  Octadecyl phosphonic acid (ODPA) has been 
deposited onto ITO substrates by μ-CP creating a wettability pattern.  These substrates 
were then used in the vertical deposition process. 
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5.7.2 Results and Analysis 
A wettability pattern has been created on ITO coated PET by the μ-CP of ODPA which 
forms a hydrophobic surface (SACA 116º) on the more hydrophilic ITO (SACA 47º) 139.  
The transfer of the wettability pattern can be probed by immersing the substrate in a 
solvent, such as ethanol, and monitoring the de-wetting behaviour.  Wet testing in this way 
demonstrated the transfer of a well defined pattern to the ITO substrate.  As outlined in the 
previous sections, this difference in wettability can be used to achieve selective colloidal 
deposition.  To provide further evidence of the patterning of the substrate, droplets of 
colloidal solution were placed on horizontally held patterned substrates.  Following the 
evaporation of the solvent preferential deposition of the polystyrene spheres was observed 
in the clean ITO areas, the solution having been repelled from the hydrophobic ODPA 
functionalised areas, Figure 5-23.  
 
 
Figure 5-23 Directed colloidal deposition on a flexible indium tin oxide (ITO) coated substrate.  
Octadecyl phosphonic acid (ODPA) patterned ITO coated polyethylene terephalate substrate following 
droplet deposition of 456 nm polystyrene spheres. 
 
Following deposition of droplets of colloidal solution on patterned substrates, directed 
colloidal deposition was observed, Figure 5-23.  This demonstrates the successful creation 
of a wettability pattern on ITO by the μ-CP of ODPA.   Substrates patterned in the same 
way were used in the vertical deposition process in an attempt to create highly-ordered 
multilayer colloidal crystals, Figure 5-24.  
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135 
 
Figure 5-24 100 μm colloidal crystal arrays formed from 456 nm polystyrene spheres on indium tin 
oxide coated polyethylene terephalate.  Selectivity gained by μ-CP the substrate prior to vertical 
deposition. (a) optical image. (b & c) SEM images. 
 
The production of highly-ordered colloidal crystal arrays on flexible, conductive substrates 
for the first time is a significant step towards the incorporation of colloidal crystals in the 
numerous proposed novel applications, Figure 5-24.   SEM characterisation shows the 
structure to be multilayered, Figure 5-24(b).  Although there is evidence of disorder at the 
array edge as it rapidly increases in height, the arrays are found to be highly-ordered at 
their centre, Figure 5-24(c).  
 
5.8 Summary and Conclusions 
Highly-ordered colloidal crystal arrays of controlled geometry have been reproducibly 
fabricated over large areas using the quick, convenient and reproducible process of 
patterning by micro-contact printing, coupled with evaporative vertical deposition. Such 
arrays have been extensively characterised and shown to be of high and consistent quality. 
 
The formation of these arrays over such large areas represents a significant step towards 
the incorporation of colloidal crystals into a range of technologically relevant applications, 
including; large-area, low-energy reflective displays, chemical sensing, low cost 
photovoltaic devices and tuneable decorative colour for the home consumer. 
 
Colloidal crystal arrays have also been formed on a range of functional substrates 
including gold and the flexible, optically transparent and electrically conducting ITO 
coated polyethylene terephthalate. This is important for many applications of colloidal 
crystals.  To achieve this, establishing reproducible, monitored and verifiable protocols for 
the successive procedures was essential, and achieved by rigorous analyses at every stage. 
 
In summary, a reproducible, novel method for the formation of highly-ordered, large-area 
colloidal crystal arrays on a range of rigid substrates has been demonstrated. The 
100 μm 5 μm 5 μm 
b ca 
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expansion of the technique onto flexible and functionalised substrates brings the use of 
colloidal crystals in a range of exciting applications a further step closer. 
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6 Identification of Mechanisms Competing with Self-
Assembly  During Directed Colloidal Deposition 
6.1  Introduction  
When carrying out directed colloidal deposition over large areas (5 × 1 cm) two 
mechanisms interfering with self-assembly have been identified, (1) a stick-slip 
mechanism and (2) a Rayleigh-Plateau instability 19.  This chapter will examine the origin 
of these mechanisms and the impact they have on directed colloidal deposition, ways in 
which to minimise or utilise these interactions will also be discussed.   
 
6.2 Experimental  
Glass and gold substrates were patterned by micro-contact printing (μ-CP) as described in 
Chapter 5.  Wettability patterns were created by the deposition of hydrophobic OTS on the 
hydrophilic clean glass substrates and hydrophilic MUA onto the hydrophobic gold 
substrates.   Colloidal crystal arrays were then fabricated by evaporative vertical deposition 
(EVD) onto the patterned substrates using volume fractions ranging from 
0.004 to 0.2 vol%.  Samples were characterised using a range of techniques including 
white light interferometry (WLI), optical and scanning electron microscopy.   
 
6.3 Flow of the Meniscus (stick-slip)  
When a droplet of liquid is placed on a solid surface the contact angle is the angle formed 
at the 3-phase contact line as introduced in Chapter 2.  When a force is applied to a droplet, 
for instance placing it on a slope, two separate contact angles are formed, the advancing 
and the receding contact angles, θa and θr (Figure 6-1) 77.   
 
 
Figure 6-1 Schematic representation of receding and advancing contact angles, θr and θa 
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Classically, a stick-slip mechanism is observed when a droplet moves over a surface where 
θa > θr 77.  The mismatch in contact angle leads to the pinning of the droplet as it attempts 
to recede down the substrate 77.  When the droplet becomes unstuck it rapidly slides down 
the substrate to the next pinning point leading to a stop-start motion 77. A similar 
mechanism can be observed during the evaporation of solution where only the receding 
contact angle is formed 108.  The meniscus can become pinned to the substrate while the 
bulk solution continues to evaporate.  This leads to a stretching of the meniscus until it 
becomes unstuck and slides rapidly down the substrate to the next pinning site.  The 
pinning of the meniscus leads to an increased residence time over one area of the substrate 
while the rapid slide means a reduced residence time over another 108.  The rate at which 
the meniscus recedes over the substrate determines the extent of colloidal deposition, i.e. 
increased colloidal deposition is observed in the areas where the meniscus has become 
pinned and reduced deposition in the areas in which the meniscus has rapidly slipped 
over 19. 
 
 
6.3.1 Evidence of Stick-Slip Behaviour 
Colloidal crystal arrays were fabricated by EVD on wettability patterned substrates, as 
described in Chapter 5.   Evidence of directed deposition is clearly shown in Figure 6-2.  
As well as the formation of colloidal arrays within the printed boundaries, stripes of 
colloidal particles are also observed perpendicular to the desired colloidal arrays (Figure 
6-2(a - c)).  These stripes suggest the presence of a competing stick-slip mechanism 
induced by the patterning of the substrate 108.  
 
In the case of an un-patterned substrate the smooth recession of the meniscus across the 
substrate surface allows the formation of a uniform colloidal crystal.  During stick-slip the 
solvent becomes pinned to the substrate as the meniscus recedes, this ‘pinning’ leads to 
increased polystyrene deposition along the meniscus.  When the meniscus becomes 
un-stuck it slides rapidly down the substrate to the next pinning point and the process is 
repeated 108.  This leads to the formation of arrays of colloidal crystals striped across the 
substrate perpendicular to the growth front, and in this instance perpendicular to the printed 
pattern, Figure 6-2(a - c).  
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Figure 6-2 (a - c) sample following vertical deposition of 334 nm polystyrene spheres (0.01 vol%)  on a 
substrate patterned with 80 μm areas of MUA with 40 μm areas of gold between. (a) Optical image; 
the darker areas are those with increased polystyrene deposition.  (b & c) SEM images of the same 
sample. (d & e) sample following vertical deposition of 200nm polystyrene spheres (0.01 vol%) on a 
substrate patterned with 20 μm areas of MUA with 30 μm areas of gold between.   
 
Well defined multilayer stripes of colloidal particles are observed in Figure 6-2(d & e).  
However, the colloidal crystal arrays are interrupted, often at the same location across the 
sample and the stripes are not themselves of a standard number of layers.  The argument 
suggesting the presence of a competing stick-slip mechanism during vertical deposition is 
supported by the interruption of colloidal arrays on both patterned gold and glass 
substrates, Figure 6-2(d).  The simultaneous break and restart of colloidal deposition along 
the substrate suggests that the growth front has slipped down the substrate more quickly 
than colloidal deposition can occur 19.  The increased colloidal deposition indicated by the 
dark areas at the base of the colloidal arrays suggests the growth front has become pinned 
prior to slipping down the substrate 19.  These two behaviours are the defining parts of the 
stick-slip mechanism 108.   
 
Time-lapse optical microscopy was used to further examine the progression of the growth 
front during colloidal deposition.  By measuring the position of the meniscus in sequential 
images the progress of the meniscus across the substrate with time can be plotted.  This is 
demonstrated in Figure 6-3 for an OTS patterned glass substrate and a clean un-patterned 
one. 
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Figure 6-3  Progression of the meniscus across the substrate with time (456 nm polystyrene spheres, 
0.03 vol%); a) a OTS patterned glass substrate, 100 μm OTS line with 100 μm gaps b) clean glass 
substrate 
 
Plots of the progression of the meniscus across the patterned substrate clearly demonstrate 
the stop-start motion of the meniscus, Figure 6-3(a).  This stop-start progression is a clear 
indication of the presence of a stick-slip mechanism.   In contrast to the stop-start motion 
observed in Figure 6-3(a), a smooth progression of the meniscus over an un-patterned 
substrate is shown Figure 6-3(b).  The smooth flow of the meniscus over the substrate 
allows the formation of a uniform colloidal crystal.   
 
Evidence demonstrating the presence of a competing stick-slip mechanism during directed 
colloidal deposition has been presented.  Furthermore, it has been shown that under the 
same conditions, stick-slip behaviour is not observed on un-patterned substrates.  
Therefore, it can be deduced that the stick-slip behaviour has been induced by the 
patterning of the substrate.  
 
 
6.3.2 Causes and the Control of Stick-Slip Interactions 
The observation of a stick-slip mechanism on un-patterned gold substrates was noted in 
Chapter 4.  However, it was shown that the stick-slip behaviour observed on un-patterned 
gold substrates could be eliminated by the careful tuning of the deposition conditions, 
specifically increasing the volume fraction.  Modifying volume fraction alone 
(0.004 - 0.2 vol%) did not eliminate the presence of stick-slip behaviour in the case of 
wettabilty patterned substrates 1.  By carrying out EVD on a half patterned substrate (with 
the other left unfunctionalised for bulk colloidal crystal formation) it can be clearly 
illustrated that stick-slip behaviour has been induced by the presence of the wettability 
pattern, with a uniform colloidal crystal formed in the un-patterned region Figure 6-4.  
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Figure 6-4  Optical micrograph illustrating that stick-slip occurs only in the areas of directed colloidal 
deposition at 0.03 vol%, 258 nm polystyrene spheres.  Scale  markers 500 μm 
 
Stick-slip behaviour can also be induced by contaminants, surface roughness and by the 
wettability of the patterned and un-patterned substrate surface, and the quality of the 
deposited wettability pattern.  Stick-slip behaviour was observed to be particularly 
dominant on hydrophobic substrates, (Figure 6-5) e.g. following over deposition of OTS 
onto glass or lack of MUA deposition on gold substrates.  In this instance stripes of 
colloidal crystal across the substrate, perpendicular to the desired pattern, were observed 
irrespective of volume fraction (0.004 – 0.2 vol%).     
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Figure 6-5 Optical micrographs demonstrating the effect of a hydrophobic substrate on evaporative 
vertical deposition: (a & b) over deposition of octadecyl trichlorosilane on a glass substrate (c & d)) the 
resultant colloidal arrays following evaporative vertical deposition of 258 nm polystyrene spheres at 
0.03 vol%. 
 
Modification of the patterning protocol to include quality control steps such as ‘wet 
testing’ enabled the identification of poorly patterned substrates prior to colloidal 
deposition and hence to a reduction in horizontal striping.  However, the stick-slip induced 
patterns observed in Figure 6-2(d) occurred on substrates which characterisation had 
shown to be successfully patterned.  Although directed colloidal deposition was observed, 
the arrays were found to be simultaneously interrupted across the substrate.  On samples 
which have been successfully patterned increasing the volume fraction (0.01 - 0.05 vol%) 
was found to give a slight increase in array length.  Further increasing the volume fractions 
(0.05 - 0.2 vol%) did not enable the fabrication of continuous colloidal crystal stripes and 
the simultaneous interruption to the arrays was still observed, such a break-up is shown 
schematically in Figure 6-6. 
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Figure 6-6 Schematic representation of the stick-slip mechanism on a substrate of patterned wettability 
 
The systematic interruption to the colloidal crystal stripes could be advantageous in the 
formation of rectangular colloidal arrays, with the length of the array tailored by varying 
the volume fraction of the colloidal suspension used during EVD.  However, the break-up 
of the arrays limits the formation of some colloidal crystal geometries, i.e. the long 
vertically striped arrays required for the investigation of the mechanisms of cracking 
within colloidal crystal structures.  Therefore, ways to minimise the stick-slip interaction 
were investigated.   
 
It is possible that stick-slip behaviour is induced by the variation in receding contact angle 
between the patterned and un-patterned substrate.  In the case of patterned glass substrates, 
this would be the difference between completely wetting glass and OTS.  It was 
hypothesised that by replacing OTS with an alternate hydrophobic coating of lower 
receding contact angle, i.e. closer to that of glass, stick-slip behaviour could be reduced.  
The fluropolymer Fluropel 104a (Cyontix) was investigated due to its hydrophobic nature 
yet near zero receding contact angle.  Promising initial results were obtained by droplet 
deposition and directed colloidal self-assembly achieved. However, despite the ideal 
surface properties of Fluropel a number of disadvantages were associated with it.  First, 
Fluropel does not absorb into PDMS and thus cannot be patterned by μ-CP.  Therefore, 
Fluropel patterns had to be deposited using traditional flexographic methods which limited 
the achievable resolution (researchers at Kodak deposited patterns of 1 mm wide stripes of 
Fluropel onto glass substrates).  Secondly, and crucially, the Fluropel polymer did not 
remain adhered to the substrate during EVD making it unsuitable for application within 
this project.  Further investigation of patterning chemicals remains a potential avenue for 
future work.  Although a rigorous investigation of all available inks for μ-CP would be 
beneficial, many experiments would be required as receding contact angle measurements 
are not readily available or trivial to measure.  This computational chemistry approach was 
OTS hydrophobic area 
Clean glass 
hydrophilic area 
Colloidal  deposition 
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not applied during this project.  Instead attempts were made to limit the interaction of the 
stick-slip mechanism by optimising the deposition conditions. 
 
It was observed that directed colloidal self-assembly was more susceptible to changes in 
the deposition conditions, e.g. temperature/relative humidity and sources of vibration, than 
bulk colloidal crystal formation.  For example, when bulk and directed colloidal deposition 
were carried out simultaneously on a half patterned substrate, stick-slip behaviour was 
observed in the patterned region (50 μm stripes) but not in the un-patterned region 
(> 400 μm) where deposition of a uniform colloidal crystal was observed, Figure 6-4.  One 
possible explanation for the increased dependence on deposition conditions is the 
formation of narrow capillaries or rivulets of colloidal solution during directed deposition 
which would be less stable than the broad meniscus formed during bulk colloidal crystal 
deposition.  Therefore, sudden changes in evaporation rate or vibrations could lead to the 
break-up of these narrow capillary columns more easily than the displacement of the entire 
growth front during bulk colloidal deposition.  A break-up of the capillary columns of 
colloidal solution due to a sliding meniscus would explain the simultaneous interruption to 
the colloidal arrays.  Furthermore, experiments have shown the level of interaction of the 
stick-slip mechanism to be dependant on the width of the colloidal crystal arrays formed, 
with a decreased susceptibility to stick-slip in broader arrays as shown in Figure 6-7. 
 
 
Figure 6-7  Effect of array width on stick-slip behaviour, 40 μm and 250 μm colloidal crystal stripes 
formed from 456 nm polystyrene spheres at 0.03 vol%  
 
Stripe width has been found to affect the stability of colloidal deposition against stick-slip 
behaviour, with interruption less frequent on samples with a broader feature width as 
shown in Figure 6-7.  The dependence on stripe width can be explained by observations of 
the deposition mechanism.  Experiments have shown that colloidal crystal arrays of over 
250 μm 
250 μm colloidal 
stripe 
40 μm colloidal 
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250 μm in diameter are of a similar thickness and ordering quality to bulk colloidal 
crystals, with a decrease in thickness and increase in defects observed in narrower stripes.  
The decrease in stripe thickness with width has been related to the decrease in meniscus 
length for narrow stripes 9.   Table 6-1 shows the thickness of colloidal crystal arrays 
formed at 0.03 vol% as measured by white light interferometry.   
 
array width (μm) 25 50 100 250 bulk (> 400) 
average array thickness (μm) 1.4 2.2 5.9 6.8 6.9 
number of layers of colloidal particles 3 5 13 15 15 
Table 6-1 Variation in colloidal crystal thickness with array width, 456 nm polystyrene particles 
deposited at 0.03 vol% onto OTS patterned glass substrates.   
 
The similarity in thickness and quality of formation of 250 μm colloidal crystal stripes to 
bulk colloidal crystals suggests that mechanisms dominating their formation are similar to 
those from the bulk, un-patterned regime, and as previously demonstrated stick-slip 
interactions are not observed during bulk colloidal deposition under these conditions.  It 
has been shown that the confined geometry of arrays narrower than 250 μm makes them 
more susceptible to stick-slip behaviour, Figure 6-7.  Although the deposition conditions 
were satisfactorily controlled for bulk deposition, further stability is required for the 
fabrication of colloidal arrays of diameters less than 250 μm.  This hypothesis is supported 
by the observation that stick-slip behaviour was reduced by increasing the stability of the 
deposition conditions (Figure 6-8).  Stabilisation was achieved by placing the growth vials 
in a sand bath, which acts as a heat-sink and a further source of vibration insulation, inside 
the incubator.   
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Figure 6-8  Optical micrographs showing directed colloidal deposition of 40 μm wide arrays with 
40 μm gaps between using 258 nm polystyrene spheres at 0.03 vol% (a) standard EVD, (b) sand bath 
stabilised EVD. 
 
Figure 6-8 shows the reduction in the number of stick-slip induced defects in 40 μm wide 
colloidal crystal stripes gained by stabilising the deposition conditions.  Although using a 
sand bath has led to a reduction in stick-slip behaviour interruptions to the colloidal crystal 
arrays due to its presence can still be observed in Figure 6-8(b).  If the hypothesis that 
broader colloidal crystal stripes are more stable against interference from stick-slip is 
correct, then a further improvement should be observed when the width of the colloidal 
stripes is increased.   Figure 6-9 shows the formation of continuous colloidal crystal stripes 
80 μm and 100 μm in width. 
 
Figure 6-9  Optical micrographs illustrating the formation of well defined colloidal crystal arrays 
(a) 100 μm colloidal crystal arrays with 100 μm spaces between formed on glass patterned with 
octadecyl trichlorosilane using 258 nm polystyrene spheres at 0.03 vol%. (b) 80 μm colloidal crystal 
arrays with 40 μm spaces between, 192 nm polystyrene spheres deposited at 0.01 vol%.  
 
Prior to use of the sand bath protocol the formation of colloidal crystal stripes 80 μm and 
100 μm in width was prone to interruption due to stick-slip behaviour.  By further 
stabilising the deposition conditions continuous stripes have been formed (Figure 6-9), 
supporting the hypothesis that colloidal crystals of confined geometry are more susceptible 
a b 
147 
to changes in deposition conditions than bulk formation.  Furthermore, comparison of 
Figure 6-8 and Figure 6-9 illustrates the width dependence of the stick-slip interaction with 
increased interference observed in the narrower 40 μm stripes.   Although, the optical 
micrographs in Figure 6-9 indicate the formation of continuous arrays their thickness is 
observed to vary along their length.   These variations in thickness are observed to occur 
simultaneously in adjacent arrays indicating that the stick-slip mechanism has been 
minimised but not eliminated.  The continued presence of the stick-slip mechanism makes 
directed colloidal deposition more susceptible to changes in deposition conditions than 
bulk colloidal deposition.  However, careful control of the deposition conditions can 
minimise stick-slip behaviour and enable the fabrication of highly-ordered colloidal crystal 
arrays over large areas.    
 
 
6.3.3 Summary and Conclusions 
During directed colloidal deposition on wettability patterned substrates a stick-slip 
mechanism competing with self-assembly has been identified.  It is possible to utilise the 
presence of this mechanism to aid the formation of particular geometries of colloidal 
crystal, i.e. rectangular arrays.  When stick-slip behaviour is not desirable, as in the 
formation of vertical colloidal crystal stripes, it has been demonstrated that tuning the 
growth conditions can minimise its impact.    
 
 
6.4 Rayleigh Instability 
The Rayleigh-Plateau instability, often referred to as the Rayleigh instability, states that a 
stream of non-viscous fluid will become unstable if its length exceeds its circumference, 
that is when L > πD where L is the length and D the width of the colloidal stream 140.  The 
instability arises as the aqueous cylinder attempts to minimize its surface area by the 
formation of spheres which, volume for volume, have a smaller surface area than the 
cylinder 140.  It is well documented that a rivulet supported on a substrate can be unstable 
as predicted by the addition of boundary conditions to the classical Rayleigh instability for 
a cylinder of liquid 141-144.      
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6.4.1   Evidence of a Rayleigh Instability 
The variation in wettability on the patterned substrate leads to the formation of a wet 
rivulet of colloidal solution during EVD. There are two parts to the formation of the 
rivulet, (1) the capillary rise of the colloidal solution and (2) the wet colloidal slurry which 
remains following the recession of the meniscus.  The capillary rise of a column of liquid 
in a cylinder increases with reduced diameter of the cylinder, as shown in               
Equation 6-1, 
 
gD
h ρ
θγ cos4=                                                      Equation 6-1 
 
where h is the rise of the capillary column, γ the liquid/air surface tension, θ the contact 
angle, ρ  the density of the liquid, g the acceleration due to gravity and D the diameter of 
the capillary tube.  Calculating h, using Equation 6-1, for an ideally wetting 25 μm 
diameter capillary tube at 20ºC, θ  = 0º, γ = 0.0738 N/m, ρ  = 1000 kg/m3, the theoretical 
capillary rise is over a metre.  However, when working on two-dimensional substrates at 
the length scales used during this project (25 - 450 μm), the curvature of the meniscus and 
not Equation 6-1 limits the rise of the rivulets 11.  Figure 6-10 schematically shows the 
formation of a curved wetting line on the patterned substrate. 
 
 
 
Figure 6-10 Schematic of the curved wetting line formed during directed colloidal deposition 
 
Although the reach of the colloidal solution is limited by the curvature of the meniscus a 
rivulet is still formed as the dense colloidal slurry remains wet following the recession of 
the meniscus, Figure 6-10.  The ‘wet’ nature of the colloidal slurry allows the propagation 
of the instability until a close-packed colloidal crystal is formed.  The newly formed 
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colloidal crystal stays ‘wet’ with solvent in the voids between the polystyrene spheres until 
the crystal becomes detached from the colloidal solution.  This occurs as the capillary rise 
within the porous colloidal crystal, as calculated by Equation 6-1, is of the order of metres.  
It is this wet nature of the colloidal slurry/formation of a rivulet which allows the Rayleigh 
instability to propagate prior to creation of a close-packed colloidal crystal. 
 
The interruption to the connection between the colloidal solution and the formed crystals 
can occur for a number of reasons.  When a long rivulet of colloidal solution is formed 
propagation of a Rayleigh instability can itself lead to the break-up of the stripe and 
formation of droplets.  Alternatively, stick-slip behaviour can lead to the disconnection.  
As shown in section 6.3.1, rapid progression of the meniscus during stick-slip can interrupt 
the formation of a colloidal crystal in the areas where slippage has occurred, and thus the 
solvent cannot rise to the upper parts of the colloidal crystal via capillary action.  Therefore 
the presence of a stick-slip mechanism complicates the observation of the Rayleigh 
instability and it is only when the stick-slip interactions have been minimised that the 
Rayleigh instability can be clearly observed.  
 
During successful directed colloidal deposition a rivulet is formed that induces the 
presence of an instability which propagates via a sinusoidal variation in the rivulet width 
perpendicular to the growth direction. The instability grows until eventually reaching 
pinch-off of the colloidal arrays and the formation of droplets.  Variation in width and the 
break-up of patterned colloidal arrays has been observed experimentally when L/D > π 
(Figure 6-11).   
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Figure 6-11 SEM images of directed colloidal deposition: (a) 200 nm polystyrene spheres deposited at 
0.01 vol% on a substrate with 20 μm areas of MUA with 30 μm areas of gold between; the brighter 
areas illustrate polystyrene sphere deposition; (b & c) 334 nm polystyrene spheres deposited at 
0.01 vol% onto a substrate with 80 μm areas of MUA with 40 μm areas of gold between on a gold 
substrate; the darker areas illustrate dense polystyrene sphere deposition (d) 200 nm polystyrene 
spheres deposited at 0.01 vol% on a substrate with 80 μm OTS functionalised areas with 40 μm of 
clean glass between.  The out of phase propagation of the instability in adjacent colloidal crystal stripes 
illustrates the variation in diameter is not caused by a stick-slip interaction.   
 
The sinusoidal variation of the colloidal crystal stripe width due to instability can be 
observed in Figure 6-11 for stripe widths ranging from 20 – 80 μm. The ratio of the 
colloidal stripe length to width, L/D, prior to interruption or pinch-off were found 
experimentally to average 3.14 – 3.68 across samples, for a wide range of feature widths.  
This supports the presence of a Rayleigh instability which is predicted when L/D > π  140.  
The Rayleigh instability also predicts that a stream of non-viscous fluid will eventually 
break-up into smaller droplets of approximately the same diameter as the width of the 
stream. The formation of droplets of colloidal crystals rather than striped arrays has also 
been observed, as shown in Figure 6-11(b).   
 
The presence of a Rayleigh instability can be distinguished from a second stick-slip 
mechanism due to its occurrence at different stages within localised areas of the sample 19.   
A stick-slip mechanism requires the rapid sliding of the wetting line across the substrate 
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which leads to the simultaneous disruption of the colloidal arrays.  Figure 6-11(d) 
demonstrates that the variation in diameter and break-up of colloidal arrays can occur out 
of phase within adjacent colloidal stripes.  The observation of these defects occurring out 
of phase suggests that a sliding wetting line, and thus a second stick-slip mechanism, could 
not be used to explain their presence  19. 
 
The width of the colloidal crystal stripes deposited has been found to affect the presence of 
the Rayleigh instability with arrays of narrower width being more susceptible to the 
instability, this dependence on stripe width is demonstrated in Figure 6-12. Previously the 
effect of the colloidal crystal stripe width on the interaction with a stick-slip mechanism 
was presented in section 6.3.2.    
 
Figure 6-12  Effect of array diameter on the presence of a Rayleigh instability on 40 μm and 250 μm 
colloidal crystal stripes deposited simultaneously at 0.03 vol% using 456 nm polystyrene spheres 
 
The comparison between the sharp edges of the 250 μm stripe and sinusoidal variation in 
width of the narrower (40 μm) stripe can be seen in Figure 6-12.  The pitch of this 
variation is indicative of the latter stages of a Rayleigh instability, where droplets of equal 
diameter to the stripe width are formed along the rivulet.  The increased influence of the 
Rayleigh instability on narrow colloidal crystal stripes can be explained by the dependence 
of the instability on rivulet width.   The regime of Rayleigh instability begins when the 
length of a rivulet exceeds πD.  Therefore, narrowing D lowers the required rivulet length 
for the instability to propagate, and thus makes the presence of the instability more 
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probable.  As well as sinusoidal variation in the width of the colloidal stripes, the Rayleigh 
instability has been observed to affect the height/number of layers of polystyrene spheres 
of the colloidal crystal arrays formed, Figure 6-13. 
 
Figure 6-13 Illustration of the variation in height along a colloidal crystal stripe through a surface 
profile, gathered by white light superimposed on an optical micrograph of the same stripe. 
 
The formation of a colloidal crystal stripe with sharp edges is shown in Figure 6-13.  
However, despite the initial appearance of a well defined geometry closer inspection 
reveals significant height variation along the stripes length.  In some instances, this 
variation can be attributed to a stick-slip interaction.  More commonly the variation in 
thickness occurs at a pitch explained by the propagation of a Rayleigh instability along the 
rivulet, i.e. initially at πD, then as the instability progresses towards droplet pitch equal to 
the D. 
 
 
6.4.2 Control of a Rayleigh Instability 
In order to fabricate well-defined arrays of colloidal particles it is necessary to reduce the 
affect of the Rayleigh instability.  There are a number of potential methods that may be 
used to either reduce or eliminate the presence of the Rayleigh instability.  These include 
tuning the deposition conditions (i.e. altering the volume fraction and evaporation rate) and 
varying the surface chemistry.  Altering the volume fraction during colloidal deposition 
has been found to affect the presence of the Rayleigh instability, with colloidal crystals 
deposited at low volume fractions (0.01 vol%) found to be more susceptible to instability 
than those deposited at higher concentrations (0.03 – 0.05 vol%). The stabilising effect of 
an increase in volume fraction is demonstrated for 25 μm arrays in Figure 6-14.  
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Figure 6-14 The affect of volume fraction on the presence of Rayleigh instability during directed 
colloidal deposition, 25 μm colloidal arrays with 75 μm gaps between deposited at; (a) 0.01 vol%, (b) 
0.03 vol%, (c) 0.05 vol%, (d) 0.2 vol%.  258 nm polystyrene spheres. 
 
The sinusoidal variation in width of the colloidal crystal stripes due to the propagation of 
the instability is demonstrated in Figure 6-14(a), in contrast the sharp edges of the colloidal 
crystals deposited at increased volume fraction can be seen in Figure 6-14(b & c).  This 
stabilisation at increased volume fraction was predicted by Cates et al 145, who calculated 
that the need for surface energy minimisation inducing the instability would be 
overwhelmed by the energy of  self-assembly of the colloidal particles at sufficiently high 
volume fractions.  Although it is desirable to carry out colloidal deposition at higher 
colloidal volume fractions to utilise this effect, too high a volume fraction ( > 0.1 vol%) 
has been found to result in non-selective deposition with bulk colloidal crystals formed, 
Figure 6-14(d).  Colloidal concentrations in the range 0.03 – 0.05 vol% were found to be 
optimal for the reduction of the Rayleigh instability for feature sizes, 25 - 450 μm.  
 
Very stable deposition conditions are required to minimise stick-slip behaviour and allow 
the formation of continuous colloidal crystal arrays.  During directed deposition under 
these conditions a rivulet of colloidal solution forms which can be influenced by a 
Rayleigh instability.  This instability can alter the width and thickness of the lines and 
ultimately led to the break-up of the colloidal arrays.  It has been shown that tuning the 
volume fraction used during colloidal deposition can minimise the interaction of the 
100 μm 100 μm 
a b 
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Rayleigh instability allowing the formation of well defined highly-ordered colloidal crystal 
stripes, such as those shown in Figure 6-15. 
 
 
Figure 6-15 Optical image of a 100 μm colloidal crystal array formed from 456 nm polystyrene spheres 
fabricated by sand-bath stabilised evaporative vertical deposition at 0.03 vol%.  Scale marker 200 μm. 
 
 
6.5 Summary and Conclusions 
Mechanisms competing with directed colloidal self-assembly have been identified when 
patterning with feature sizes 25 – 450 μm at large length scales,  5 × 1 cm.  Specifically, a 
stick-slip mechanism and a Rayleigh-Plateau instability have been induced by patterning 
the substrate prior to evaporative vertical deposition.  The stick-slip mechanism has been 
found to be dominant in comparison to the Rayleigh instability.  In some cases these 
mechanisms can be advantageous, creating shapes and geometries without the need for 
further patterning of the substrate.  In instances where the effects of the mechanisms are 
not desirable their impact can be minimised by tuning the deposition conditions.  However, 
further investigation is required if these competing mechanisms are to be completely 
eliminated.   
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7 Formation of Colloidal Crystal Heterostructures   
7.1 Introduction 
Colloidal crystal arrays are of great interest for potential use as templates in a range of 
commercial applications including sensors and photovoltaic devices 10,12,13,49, and in both 
of these applications the formation of colloidal crystal heterostructures (which combine 
colloidal crystals of two or more sphere sizes) may be beneficial.  The formation of 
heterostructures could allow the incorporation of dual functionality into sensor arrays, and 
in the case of photovoltaics, heterostructures could be utilised to improve light harvesting.  
Although many methods have been investigated for the creation of colloidal crystal 
arrays 14,17,18,124, very few have demonstrated the formation of heterostructures combining 
colloidal crystal arrays of different sphere sizes 4.  
 
Yang et al 4 demonstrated the formation of side-by-side colloidal crystal heterostructures, 
using a combination of micro-moulding inside micro-capillaries (MIMIC) and template 
directed deposition, patterning techniques which were described in Chapter 5, 
section 5.2.1.  A schematic of the complex protocol used by Yang et al 4 is shown in 
Figure 7-1. 
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Figure 7-1 A schematic of technique used by Yang et al to fabricate colloidal crystal heterostructures. 
DEISA – Directed evaporative induced self-assembly.  MIMIC - micro-moulding inside 
micro-capillaries. (adapted from reference 4) 
 
Yang et al 4 created the initial colloidal crystal array using MIMIC deposition; i.e. a 
grooved polydimethyl siloxane (PDMS) stamp was placed on a substrate and infiltrated 
with colloidal spheres of size A, the uptake of which was driven by capillary rise 4,14.  
Polymer was then infiltrated into the colloidal crystal structure, again driven by capillary 
rise.  Following curing of the infilled polymer the PDMS stamp was removed to leave a 
substrate topographically patterned with micro-moulded columns    The topographically 
patterned substrate was then used to direct the self-assembly of colloidal spheres of size B 
during vertical deposition.  Selectivity was achieved as spheres are only deposited at the tip 
of the meniscus which lay in the channels between the micro-moulded columns 4,11.   The 
infiltrated polymer was then removed to leave a colloidal crystal heterostructure 4.  In the 
following sections, 7.2 - 7.5, a simpler, scalable method for the fabrication of colloidal 
crystal heterostructures is presented.  Furthermore, an alternative, novel, architecture, of 
layered colloidal crystal heterostructures with gaps between is added to the art. 
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7.2 Experimental Methods 
Heterostructures combing colloidal crystals of different sphere sizes have been fabricated 
by droplet deposition.  A colloidal crystal array of sphere size A (fabricated as described in 
Chapter 5) was held horizontally and a droplet of colloidal solution (particle size B) placed 
on top and allowed to evaporate.  The experimental protocol is shown schematically in 
Figure 7-2. 
 
 
                  
Figure 7-2 Schematic of the droplet deposition process used to create colloidal crystal heterostructures 
 
7.3 Results and Discussion 
7.3.1 Mechanism Driving the Formation of Layered Colloidal Crystal 
Heterostructures 
Colloidal crystal heterostructures have been fabricated by droplet deposition of colloidal 
solution on to horizontally held colloidal crystal arrays.  The formation of a colloidal 
crystal heterostructure has been monitored using optical microscopy with information 
gained from a series of colour changes.  Prior to droplet deposition a blue colour is 
observed from colloidal arrays formed from 456 nm polystyrene spheres, Figure 7-3. 
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Figure 7-3  Optical micrograph of a colloidal crystal array of 456nm polystyrene spheres with an 
overlain surface profile obtained by white light interferometry, 100 μm colloidal crystal stripes with 
100 μm gaps. 
 
The blue colour observed in Figure 7-3 arises due to interaction with the substrate, as the 
Bragg reflected wavelengths from the assembled 456 nm polystyrene spheres do not occur 
in the visible region at normal incidence.  On deposition of a droplet of 258 nm 
polystyrene spheres, a pink area forms at the tip of the meniscus where colloidal deposition 
is occurring Figure 7-4.  This pink colour can be explained by the presence of water in the 
voids of the forming colloidal crystal; the presence of water reduces the refractive index 
contrast and leads to a red shift, from the predicted yellow colour for a colloidal crystal of 
258 nm diameter polystyrene spheres in air.  When the array becomes detached from the 
colloidal solution the solvent evaporates and the true colour of the colloidal crystal can be 
observed, Figure 7-4.   
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Figure 7-4 Optical micrograph of a droplet of colloidal solution (258 nm diameter polystyrene 
particles) on top of a horizontally held colloidal crystal array (456 nm diameter polystyrene particles).  
 
From Figure 7-4 it can be noted that during droplet deposition the colloidal particles 
selectively deposit on top of the original colloidal crystal stripes.  This occurs as a curved 
3-phase contact line is formed during evaporation of the colloidal solution, the tip of which 
lies on top of the original colloidal crystal stripe.  It is at the tip of this contact line that 
colloidal deposition occurs 11 .   
 
When the substrate topography (shown in Figure 7-3) was considered it was initially 
predicted that the tip of the contact line would be found in the channel between the 
colloidal crystal stripes and thus side by side colloidal crystal structures would be formed.  
This hypothesis was based on examples of directed colloidal deposition on topographically 
patterned substrates in the literature, where in all cases deposition occurred in the patterned 
grooves of the substrate 17,146.  In direct contrast to this hypothesis preferential colloidal 
deposition on top of the initial colloidal crystal array was observed, indicating that another 
interaction dominated over topographical considerations to drive directed colloidal 
self-assembly.   
 
The positioning of the contact line tip, and hence the driving force behind directed 
deposition can be explained in terms of wettabilty.   The shape of the contact line observed 
in Figure 7-4 illustrates the hydrophobic nature of the substrate between colloidal crystal 
stripes and confirms the pattern deposited to direct the formation of the initial colloidal 
crystal array remains.  Therefore, a wettability pattern is formed  between the 
octadecyl(trichloro)silane monolayer (OTS, CH3(CH2)17SiCl3, Sigma-Aldrich, static 
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advancing contact angle (SACA) 96º) and the polystyrene particles (SACA 66º)147 of the 
original colloidal crystal array.  The presence of a wettability pattern drives directed 
colloidal deposition, repelling the colloidal solution from the hydrophobic areas of the 
substrate and onto the original colloidal crystal stripes.  The direction of colloidal 
self-assembly on flat wettabilty patterned substrates was demonstrated in Chapter 5 and the 
effect observed here is an extension of the same mechanism. 
 
 
7.3.2 Characterisation of Colloidal Crystal Heterostructures 
Following droplet deposition optical microscopy can be used to illustrate the range of the 
colloidal deposition, while scanning electron microscopy (SEM) can be used to probe the 
packing of the polystyrene particles on the top layer of the colloidal crystal.    Figure 7-5(a) 
shows an optical micrograph following droplet deposition illustrating the formation of a 
colloidal crystal of a second sphere size (centre yellow stripe Figure 7-5(a))  and a 
colloidal crystal stripe which remains unmodified (bottom blue stripe, Figure 7-5(a)).   
 
 
Figure 7-5 Optical and scanning electron microscopy following droplet deposition of a different sphere 
size on to a colloidal crystal array, (a) Optical micrograph, (b) SEM micrograph of the colloidal crystal 
structure formed by droplet deposition, (c) SEM micrograph of the original colloidal crystal structure. 
 
The yellow colour in Figure 7-5(a) indicates the position of the deposited 258 nm 
polystyrene spheres and the formation of a colloidal crystal heterostructure.  The blue areas 
indicate the unmodified areas of 456 nm polystyrene spheres.   The intense yellow colour 
also demonstrates the presence of three-dimensional periodicity in the colloidal crystal 
formed from 258 nm polystyrene spheres on top of the original colloidal array.  SEM 
a b 
c 
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characterisation in Figure 7-5(b) illustrates the high degree of packing periodicity in the 
colloidal crystal formed from 258 nm polystyrene spheres.  This is a significant result as 
this colloidal crystal has been formed on top of the original colloidal crystal stripe.  Figure 
7-5(c) shows the high degree of order in the unmodified colloidal crystal stripe equivalent 
to the one which forms the base of the heterostructure. 
 
Cross-sectional images were gathered to further probe the three-dimensional periodicity of 
the colloidal crystal heterostructures.  A focussed ion beam (FIB) was used to cut 
cross-sections into the colloidal crystal structure and SEM images collected, Figure 7-6. 
Cross-sections of the colloidal crystal heterostructures have been prepared using an FEI 
FIB2000, by Virgine Jantou of the Materials Department, Imperial College London.  The 
FIB instrument operates using similar principles to the SEM, but forms an ion beam 
(usually from gallium, Ga) rather than electrons. As these ions have a much higher mass 
than electrons, focussing the beam on the surface causes material to be eroded/milled.  The 
beam current primarily controls the rate and depth of this milling, with an accelerating 
voltage of 30 kV used during normal operation.   
 
Although high-resolution imaging (better than 7 nm) is possible, the two most common 
applications of the FIB are; a) the deposition of metal/ insulator at the nanometre scale, and 
b) the precision removal of material 49. The ability to finely control the beam current and 
also the size and shape of the area exposed allows specific areas of the sample to be milled 
and removed whilst surrounding areas remain intact. During this project the FIB was used 
for precision removal of material, allowing cross-sectional imaging of the colloidal crystal 
heterostructures. 
 
A 1 μm thick platinum bar was deposited at 300 pA to protect the area of colloidal crystal 
of interest from beam damage during milling.  The Ga ion beam was then used to mill 
away the unprotected polystyrene spheres.  The trench was milled at a beam current of 
3nA, and cleaned at 300 pA.  The area shown in Figure 7-6(c & d) was then furthered 
cleaned at a beam current of 100 pA,   
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Figure 7-6 (a) Optical image of the colloidal crystal heterostructure, (b) SEM micrograph of the FIB 
cross-section, collected from the highlighted area in (a). (c) SEM micrograph, of the area highlighted in 
(b) illustrating the three-dimensional order of the colloidal crystal heterostructure.  (d) increased 
magnification image of the area in (c). 
 
By collecting SEM images from the wall of the trench cut into the colloidal crystal the 
periodicity of the colloidal crystals perpendicular to the substrate can be probed.  Such 
cross-sectional analysis establishes that the colloidal crystal heterostructures are 
three-dimensionally periodic Figure 7-6(b-d).  The slightly blurred appearance of the 
heterostructure in the SEM images is caused by unavoidable beam damage to the 
polystyrene spheres during milling. 
 
Although the FIB has great potential as a post fabrication analysis and micro-machining 
technique it has several limitations; firstly it is time consuming in nature, and secondly, 
sample damage and contamination occurs through ion implantation during milling and 
imaging.  Ion implantation causes unavoidable damage to the area surrounding a site of 
interest because, to obtain an image, the specimen must be exposed to the ion beam.  
Implantation and the associated damage and contamination during the imaging process can 
be overcome using a dual-beam system, where an electron beam and an ion beam are used 
in conjunction; the electron beam is used for imaging and the ion beam for milling and 
patterning.  Due to the time consuming nature of the FIB method, colloidal crystal arrays 
will not be fabricated over large areas using it.  However, it has been successfully used 
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during this project to mill trenches for the cross-sectional characterisation of colloidal 
crystal heterostructures. 
 
7.4 Further work 
For the heterostructures presented in this Chapter to become industrially relevant, it must 
be possible to replicate them rapidly over large areas.  Although the presented technique of 
droplet deposition is very simple, it is potentially scalable by a number of methods, e.g. 
blade or spin coating 94.  Furthermore, as the wettability pattern which initially directed 
colloidal deposition is still present on the substrate it may be possible to carry out a second 
evaporative vertical deposition process.  However, preliminary experiments illustrated the 
difficulty in preventing delamination of the original colloidal crystal structure when using 
this method, and thus further work is required to assess the viability of this option.  Further 
work is also required to fully assess the optical properties and hence the three-dimensional 
periodicity of these structures.  
 
7.5 Summary and Conclusions 
A simple and scalable technique capable of producing highly-ordered colloidal crystal 
heterostructures has been presented.  This is an exciting progression in the art as such 
structures are of potential interest for use in sensing and photovoltaic applications.   
 
It has been demonstrated that the wettabilty pattern from the formation of the initial 
colloidal crystal array remains present following evaporative vertical deposition.  
Furthermore, this wettability pattern has been observed to direct colloidal deposition even 
when topographical patterns are present.   
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8 Conclusions and Future Work 
This chapter summarises the key results presented in the thesis, highlighting the most 
significant and the conclusions that can be drawn from them.  Potential areas for future 
investigation are discussed in the final section (8.2).   
 
8.1   Conclusions   
Prior to this study, colloidal crystals were typically formed on rigid, non-functionalised 
substrates, either in bulk or in arrays of controlled geometry over small areas.  Through the 
development of a simple, novel and inherently scalable method, this study has successfully 
addressed the challenge of demonstrating directed colloidal deposition over large areas on 
a range of functional substrates.   This research was motivated by the wide range of 
applications that have been proposed to utilise the structural properties of colloidal 
crystals, including catalysts, chemical sensing, thermal insulators, photonic devices, 
large-area, low-energy reflective displays, low-cost photovoltaic devices and tuneable 
decorative colour for consumer applications 2-10.  For colloidal crystals to become 
integrated in devices a scalable method for their fabrication on a range of functional 
substrates with controlled geometry is required, and was achieved as described in 
Chapter 5 4,14.  The creation of colloidal crystals arrays 25 - 450 μm in width also allows 
the mechanisms of colloidal self-assembly to be examined and opens up the possibility of 
forming colloidal crystal heterostructures.   
 
Highly-ordered colloidal crystal arrays of controlled geometry have been reproducibly 
fabricated over large areas (5 × 1 cm) with high resolution using the quick, convenient and 
reproducible process of patterning by micro-contact printing, followed by evaporative 
vertical deposition (the technique of micro-contact printing is described in detail in 
Chapter 5 and the evaporative vertical deposition process in Chapter 4).  The arrays formed 
have been extensively characterised and shown to be of good and consistent quality, as 
presented in Chapter 5.  The formation of these arrays over such large areas represents a 
significant advance towards the industrial application of colloidal crystal structures.  
 
The flexibility of the technique developed for directed deposition is demonstrated by the 
fabrication of highly-ordered colloidal crystal arrays on a range of functional substrates, 
including electrically conducting gold, and the flexible, optically transparent and 
electrically conducting indium tin oxide coated polyethylene terephthalate. The formation 
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of colloidal crystal arrays on such functional substrates is a crucial for the incorporation of 
the colloidal crystals in the many of the proposed applications.   
 
To achieve a reproducible protocol for the fabrication of colloidal crystal arrays over large 
areas a number of tools and techniques had to be developed.  For example, to fabricate 
colloidal crystals, monodispere polystyrene spheres were required.  The synthesis of such 
spheres is achieved using emulsifier-free emulsion polymerisation, as discussed in 
Chapter 3.  The adopted protocol is shown to be reproducible and capable of synthesising 
spheres of chosen diameter, and the small size distribution of the colloid spheres 
synthesised (< 4 %) made them ideal for the fabrication of thin film colloidal crystals.     
 
The successful fabrication of bulk thin film colloidal crystals using the synthesised 
polystyrene spheres is demonstrated by the quick and convenient method of evaporative 
vertical deposition in Chapter 4.  This deposition technique is favoured as it is relatively 
cheap, simple, reproducible, and does not require sophisticated apparatus to fabricate high 
quality films of controlled thickness.   
 
The influence of substrate wettability is also discussed in Chapter 4, establishing that the 
more hydrophilic (more wetting) a substrate, the better suited it is for use in the 
evaporative vertical deposition technique.   The increased understanding of the role of 
substrate wettability allowed the expansion of the evaporative vertical deposition process 
to a range of functional substrates.  By careful control of the substrate wettability and 
deposition conditions, highly-ordered colloidal crystals have been formed on a range of 
substrates, including electrically conducting gold and the flexible, optically transparent and 
electrically conducting indium tin oxide coated polyethylene terephthalate.   
 
The fabrication of highly-ordered thin film colloidal crystal structures on electrically 
conducting substrates is an important development towards the incorporation of colloidal 
crystals in a range of technologically relevant applications, including large-area, 
low-energy reflective displays, chemical sensing, and low cost photovoltaic devices.  The 
formation of colloidal crystals on flexible substrates is another significant advance, 
lowering device weight and increasing the potential deposition methods.  The introduction 
of flexible substrates makes roll-to-roll printing, a well known industrial process, a 
possible technique for future colloidal deposition.     
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The increased understanding of substrate wettability can be utilised to control and direct 
colloidal deposition.   This result is exploited in Chapter 5 to fabricate highly-ordered area 
specific colloidal crystal stripes.   
 
Colloidal crystals of bulk phase and controlled geometry fabricated during this project 
have been characterised using a wide-range of techniques. Optical microscopy has been 
used to probe the range of directed colloidal deposition, scanning electron microscopy to 
examine the periodicity of packing in the top layer of the colloidal crystal and optical 
spectroscopy to assess the three-dimensional periodicity of the structure.  All 
characterisation methods have demonstrated the formation of highly-ordered, 
three-dimensionally periodic structures for colloidal crystals of both bulk and confined 
geometry.   
 
When carrying out directed colloidal deposition over large areas, mechanisms competing 
with self-assembly are observed; these were identified and discussed in Chapter 6.  
Specifically, a stick-slip mechanism and a Rayleigh-Plateau instability were found to be 
induced by the presence of wettability patterns during evaporative vertical deposition.  Of 
the interfering mechanisms, the stick-slip interaction was found to be dominant in 
comparison to the Rayleigh instability.  In some instances these mechanisms could be 
advantageous, creating shapes and geometries without the need for further patterning of the 
substrate.  When not desirable the effects of the mechanisms can be minimised by tuning 
the deposition conditions.  Further investigation is required if these interfering mechanisms 
are to be completely eliminated.   
 
The formation of arrays of colloidal crystal heterostructures is discussed in Chapter 7.  
Such structures are of interest for use in sensing and photovoltaic applications.  The 
technique presented here for their formation, droplet deposition, is potentially scalable and 
requires fewer processing steps than the only other technique to have demonstrated the 
formation of such structures.  The fabrication of colloidal crystal heterostructures by a 
simple, scalable technique is another important advance towards the incorporation of 
colloidal crystals in applications.      
 
It is also demonstrated in Chapter 7 that the wettabilty pattern used to direct deposition 
during the fabrication of the initial colloidal crystal array remains present following 
evaporative deposition.  The residual wettability pattern was observed to overpower 
topographical considerations which might have been expected to direct colloidal 
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self-assembly when carrying out a second deposition process.  This second 
wettability-driven directed colloidal self-assembly was found to form heterostructures of a 
novel architecture, with the colloidal crystals stacked on top of each other and the empty 
hydrophobic space between maintained.   
 
In conclusion a number of important developments towards the incorporation of colloidal 
crystals in technologically relevant applications have been made during this study.  The 
principle result from this project has been the development of a novel and inherently 
scalable method for the direction of colloidal deposition.  The flexibility of the method has 
been demonstrated by the formation of highly-ordered colloidal crystal arrays both over 
large areas and on a range of functional substrates.  The production of these arrays over 
such large areas, using a technique suitable for industry is a significant development 
towards the incorporation of colloidal crystals in devices.  The expansion of the technique 
on to flexible and functionalised substrates is a further notable progression of the art.  The 
formation of colloidal crystal heterostructures of novel architecture by a potentially 
scalable method is another exciting development, as these structures increase the possible 
applications for colloidal crystal structures.   
 
 
8.2 Further Research and the Development of this Topic 
While significant steps have been made towards the incorporation of colloidal crystals in 
technologically relevant applications, there are still hurdles to be overcome before colloidal 
crystals become industrially relevant materials.  It is likely that the most immediate impact 
of colloidal crystal structures will be in areas where the acceptable defect tolerance is high, 
e.g. use as templates for the formation of three-dimensionally ordered macroporous 
materials for applications such as sensor arrays, catalysts and low cost photovoltaic 
devices.  To become viable in this area, colloidal crystal structures of controlled geometry   
must be fabricated over large areas, and methods for infiltration of the colloidal crystal 
template investigated.  The inherent photonic properties of the colloidal crystals may also 
be utilised in technologically relevant applications such as large-area, low-energy 
reflective displays.  For this to occur, further investigation is required into the minimisation 
of defects inherently present in a self-assembly method.  It is the presence of these 
structural defects which currently prevents the formation of the proposed photonic devices 
for the telecommunications industry.  While the vision of photonic chips from colloidal 
crystal structures may still be achievable it will remain distant until the defects inherent in 
a self-assembly technique are further reduced, e.g. the presence of drying cracks.   
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As the majority of the proposed applications demand that large areas of colloidal crystals 
can be fabricated cheaply, it is desirable to fabricate areas of colloidal crystals at least an 
order of magnitude larger than those currently produced.  The evaporative vertical 
deposition method used during this project is theoretically suitable for scale-up for 
fabrication at industrially relevant dimensions, for example by dip-coating, a well known 
industrial process.  Furthermore, as the formation of highly-ordered colloidal crystals has 
been demonstrated on flexible substrates during this study, roll-to-roll deposition, another 
well known industrial process, is now an option worthy of investigation.  These techniques 
should be investigated, as although colloidal crystals can already be formed over large 
areas, such structures are hindered by the presence of a very large number of structural 
defects.  Future deposition methods must not only increase deposition rate but also meet 
defect tolerances. 
 
The formation of colloidal crystal arrays of controlled geometry by a scalable method was 
a key barrier to their incorporation in many applications and one that has been resolved 
during this project.  Further investigations are still required to make full use of the novel 
patterning method presented.  It would be of interest to carry out future studies on the 
minimisation, or potential elimination, of drying cracks through directed colloidal 
deposition.  Ferrand et al 17 observed a reduction in the presence of drying cracks on 
topographically patterned substrates and it would thus be of interest to carry out similar 
experiments on the flat wettability patterned substrates fabricated in this study.  To do this 
the conditions for the deposition of the colloidal crystal structure must be further 
optimised.   
 
An investigation into the ultimate resolution of the patterning technique demonstrated 
during this project would be of interest, as micro-contact printing has been shown to 
successfully deposit features down to 100 nm, making this potentially a high-resolution 
patterning protocol.  The opportunity to further scale-up this printing technique is also of 
great interest, with the potential to incorporate roll-to-roll patterning followed by 
roll-to-roll colloidal deposition into a production line an exciting prospect.   
 
A long term possibility is the incorporation of colloidal crystals into decorative coatings 
for the home consumer which would require the use of the novel protocol developed 
during this project.  Depositing colloidal solution over a large un-patterned area does not 
result in the formation of a large colloidal crystal, due to de-wetting effects.  However, the 
deposition of a wettability pattern prior to deposition of the colloidal solution could result 
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in the formation of large area colloidal crystal formation.  The deposition of the wettability 
pattern could potentially be carried out by the expansion of the technique developed during 
this project to rollers.  It is worth noting, that this application, would have a high defect 
tolerance and thus the mechanisms observed to be competing with directed self-assembly 
during directed colloidal deposition in this study would not be a concern.    
 
To continue the progression towards technologically relevant applications the infiltration 
of the colloidal crystal arrays with functional materials must be investigated.  As 
infiltration techniques are established on thin film colloidal crystals, initial progress in this 
area can be predicted to be rapid, although investigation into the role of edge effects during 
infiltration will be required.  
 
The formation of colloidal crystals from polystyrene spheres 192 – 460 nm in diameter is 
demonstrated in Chapter 4.  To maximise the range of application for colloidal crystal 
structures the variety of sphere diameters from which they are formed from should be 
increased.  For example, for application in photovoltaic applications it is desirable to form 
colloidal crystals from spheres of smaller diameters, around 50 nm in diameter, and thus 
future research should expand the range of sphere sizes used to create both bulk colloidal 
crystals and arrays of them. 
 
The creation of layered colloidal crystal heterostructures using a simple and potentially 
scalable protocol has also been demonstrated during this study.  However, to date only a 
proof of principle has been achieved and therefore it is of interest to investigate the 
formation of a range of alternative geometries and architectures.  During the creation of the 
layered colloidal crystal heterostructures differences in wettability were observed to 
overcome topographical considerations.  The range of topographies and feature dimensions 
over which this interaction exists should be investigated.  The feasibility of the formation 
of alternative architectures should also be investigated and the optical properties of the 
colloidal crystal heterostructures assessed.  Heterostructures exhibiting good optical 
properties would have potential applications in sensor arrays, photovoltaic devices and 
telecommunications.   
 
The infiltration of colloidal crystal heterostructures is of interest in the push towards 
applications.  Infiltration of the colloidal crystal heterostructures, both in the bulk form, 
infiltrating with just one material, and separately with different materials is an exciting 
prospect.  Dual infiltration could be achieved by carrying out the first infiltration prior to 
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the deposition of the second colloidal crystal structure, again opening the possibility of 
complex architectures.   
 
The potential for colloidal crystal structures is vast and considerable advances towards 
utilising their exciting properties have been made.  It appears likely that colloidal crystals 
will become industrially relevant as templates for functional three-dimensional 
macroporous materials, but to achieve this goal colloidal crystal arrays must be fabricated 
over larger areas and the infiltration of these arrays investigated.    
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Appendix A - Derivation of the Bragg/Snell law 
The refractive index of a material, n, can be calculated using Equation 8.1, where c is the 
speed of light in the material and λ the wavelength of the light in the material. 
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                                                       Equation 8.1 
A schematic illustration of the interactions which take place when an incident beam of EM 
radiation is reflected from the sample surface is shown below,  
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Interaction of light at the colloidal crystal interface 
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Appendix B - Calculation of the volume occupied by dielectric 
spheres in an fcc unit cell 
The volume occupied by the dielectric spheres in an fcc unit cell can be calculated using 
geometry.   
 
 
 
 
 
Figure 8-1 (a) illustration of the fcc unit cell and (b) spheres in contact along the face diagonal 47 
 
As shown in Figure 8-1(b) the three spheres across the face diagonal in the fcc lattice touch 
each other, and thus the length of the face diagonal can be expressed as four sphere radii 
(4r or 2D where r and D are the sphere radius and diameter respectively). As the unit cell is 
cubic, Pythagoras’ theorem can be used to calculate a value for the unit cell parameter, a, 
(in terms of the sphere radius, r) as the face diagonal is the hypotenuse of a right angled 
triangle in which the other two sides are a. 
                                                     rraraa .8
2
1616 222 ==⇒=+                       Equation 8.2  
The unit cell volume can therefore be calculated as shown in Equation 8.3.  
                                                       333 .88).8( rraVolume ===                           Equation 8.3 
In the fcc unit cell there are a total of four spheres since the eight spheres at the corners are 
shared between eight adjacent unit cells and the six spheres at the face centre positions are 
each shared with the neighbouring unit cell. The volume of each sphere can be calculated 
as: 
                                                               Sphere volume 3
3
4 rπ=                                          Equation 8.4 
Since the volume of each unit cell and the volume of a sphere are known, the percentage of 
the unit cell occupied by the dielectric spheres can be calculated as: 
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                                       Equation 8.5 
Equation 8.5 reveals that for an fcc lattice 74% of the unit cell volume is occupied by 
spheres and the remaining 26% is unoccupied.  
(a) (b) 
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Appendix C - Sizing Data for all Synthesised Colloids  
 
Date [monomer] 
(molL-1) 
[initiator] 
(molL-1) 
Diameter 
(nm) 
St. Dev. 
(nm) 
% 
deviation 
09/03/05 0.326 0.0297 277 5 2.0 
11/03/05 0.326 0.0297 304 9 2.8 
12/03/05 0.326 0.0297 300 5 1.7 
14/03/05 0.087 0.0297 192 5 2.6 
15/03/05 0.175 0.0297 258 4 1.6 
16/03/05 0.262 0.0297 327 6 1.8 
18/03/05 0.349 0.0297 334 5 1.6 
21/03/05 0.436 0.0297 389 5 1.3 
22/03/05 0.524 0.0297 415 9 2.2 
      
30/08/06 0.349 0.0297 402 12 3.0 
31/08/06 0.349 0.0297 408 15 3.7 
01/09/06 0.349 0.0297 404 10 2.5 
      
07/09/06 0.087 0.0297 211 6 2.8 
08/09/06 0.087 0.0297 223 7 3.1 
13/09/06 0.087 0.0297 210 6 2.9 
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